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ABSTRACT 
The focus of this thesis is to leverage the spatial diversity gain afforded 
by point-to-point and collaborative multi-input multi-output (MIMO) 
wireless communications systems through the exploitation of space-
time and space-frequency block coding. Both frequency-flat narrow 
band and frequency-selective broadband MIMO channels are consid-
ered. 
A new enhanced extended-orthogonal space-time block coding scheme 
is proposed for point-to-point closed-loop space-time block coding with 
four transmit antennas over frequency-flat MIMO channels. This method 
is confirmed by average bit error rate simulations to outperform both 
the established Alamouti scheme for two transmit antennas and a quasi-
orthogonal scheme for four transmit antennas. A receive antenna se-
lection scheme is also proposed to further improve the performance of 
the proposed closed-loop extended orthogonal space-time scheme. 
The closed-loop space-time block coding schemes are then applied 
in the context of transmission over point-to-point frequency-selective 
broadband MIMO channels. Reduction of feedback information is con-
sidered when orthogonal frequency division mUltip\exing (OFDM) is 
combined with block coding, and outer coding is added to mitigate the 
frequency-selective and fading characteristics of the wireless channel. 
Space-time-frequency encoding is also developed to further increase ro-
H 
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bustness to channel time-variations. 
Finally, to overcome the constraints of point-to-point MIMO sys-
tems, such as inter-antenna element correlation and path loss, block 
coding is considered for collaborative multi-hop transmission. Quasi-
orthogonal and extended orthogonal schemes are developed for relay 
transmission in combination with power allocation strategies. End-to-
end average bit error rate simulations are used for performance evalu-
ation. New adaptive schemes are also proposed for block coding and 
power allocation over three-stage OFDM relay networks. 
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Chapter 1 
INTRODUCTION 
This chapter introduces the motivation, provides the problem state-
ment, presents the contributions of this work, and outlines the organi-
zation of this thesis. 
1.1 Promises of Multiple Antennas 
Using multiple transmit and/or receive antennas helps to combat detri-
mental effects of wireless fading channels by providing spatial diversity 
and thereby improve the reliability of data transmission in wireless 
communication systems. In contrast to the well known temporal di-
versity [1 J or frequency diversity [2J, the use of multiple transmit an-
tennas for diversity provides better performance without increasing the 
bandwidth or transmission power. Spatial diversity arises because the 
channel fading gain varies depending on the location of the antenna and 
thus well separated multiple transmit or receive antennas can provide 
independent channel fading gains and hence more diversity or reliable 
transmitted information. 
In this thesis, the use of multiple antennas at the transmitter and/or 
the receiver end to improve reliability of a wireless connection is con-
sidered. The use of multiple antennas (space diversity) comes in two 
1 
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types: transmit- and receive-antenna diversity. Receive-antenna diver-
sity has been well studied for decades [3]; transmit-antenna diversity 
has become an active area for research [4] [5] [6] [7] [8] [9]. Multi-input 
multi-output (MIMO) systems have several attractive advantages over 
conventional single-input single-output (SISO) systems. Some of these 
advantages in wireless communications are: 
Diversity gain: Spatial diversity is a technique that relies on trans-
mitting different copies of the transmitted signal to the receiver. If spa-
tial diversity is achieved using one transmit antenna and multiple re-
ceive antennas, it is called receive diversity. Another method of spatial 
diversity is provided by using multiple transmit antennas and it is called 
transmit diversity, which has become an active area for research [10]. 
In a MIMO system, diversity is characterized by the number of inde-
pendently fading branches between different transmit-receive antenna 
pairs, known also as diversity gain or diversity order and is equal to 
the product of the number of transmit and receive antennas. There-
fore, the receiver can effectively mitigate fading and reliably decode the 
transmitted signal using these received signals. The multiple received 
versions of the transmitted signals can be combined to improve perfor-
mance. Common combining schemes include selection combining and 
maximum ratio combining (MRC). If the spatial diversity is provided by 
using multiple transmit antennas, it is called transmit diversity. Hence, 
link reliability can significantly be improved. 
An accurate definition of diversity gain is given as follows: 
Definition 1.0.1 Let Pe denote the probability of error of a commu-
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nication system at a given signal-to-noise mtio (SNR), denoted by "(. 
Then the diversity gain !4! !8! of the system is defined as: 
d = - lim log(P") 
o~oo 10gb) (1.1.1) 
which shows how fast the probability of decoding error Pe reduces with 
SNR. A higher d means lower Pe at the same SNR, and thus more 
reliable system. Hence diversity gain is an important parameter of 
interest especially for systems that operate at high SNR. 
Array gain: Refers to the average increase in the SNR at the 
receiver that arises from the coherent combining effect of multiple an-
tennas at the receiver and/ or transmitter. In MIMO channels, array 
gain exploitation requires channel knowledge at the transmitter. The 
effect of array gain is similar to that of coding gain. 
In wireless communication system, the performance is usuallyeval-
uated by simulation of the average bit error rate (BER) or average 
symbol error rate (SER) versus signal-to-noise ratio (SNR). If the error 
rate is plotted versus the SNR on a log-log scale, the diversity gain can 
be interpreted as the asymptotic slope of the curve, whereas the array 
gain advantage corresponds to a left parallel shift in the curve. Fig.(1.1) 
further highlights the differences between array gain and diversity gain, 
as they manifest themselves as the average bit error rate. 
MIMO systems also provide other types of gains such as multiplex-
ing gain [12]. Consequently, multiple antennas are expected to play an 
important role in advanced wireless systems, for example, 3G [13] and 
4G [14] [15]systems. 
Section 1.2. System Model and Basic Definitions 
Array gain 
(coding gain) 
SNR (dB) 
4 
/ Dive","y gaio 
F ig ure 1.1. Schematic highl ighting the difference between the effects 
of array gain and di versity gain [l1J. 
1.2 System Model and Basic Definitions 
In this thesis, two types of system coding are considered: (1) 11011-
cooperative point-to-point multiple input multiple outpu t (MIlvIO) sys-
tems and (2) cooperati ve wireless relay networks. The system model 
and associated basic definitions for each of these two systems arc ex-
plained in subsequent sections. 
1.2.1 Point-to-Point MlMO System 
Consider a quasi-static, frequency- flat fading , multiple inpu t mul t iple 
output (MUvIO ) system equipped with N,. transmi t antennas and NT 
receive antennas as shown in Fig.4.3. Let T be the number of chan-
ne! uses [11 J over which coding is performed at the transmitter. By 
frequency-flat fading, it is regarded that the channel has constant gain 
and linear phase response over the frequency band of interest so that 
the spectral characteristics of the transmitted signal are preserved at 
the receiver . Channels that are not frequency-flat fad ing are called 
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X N . 
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Figure 1.2. MIMO system model with N, transmi t and N, receive 
antennas 
fr equency-selective fading. If the channel is assumed to be constant for 
the entire T channel uses , it is called a quasi-static fading channel. If 
the channel fading gai n experienced by the transmi tted signal varies 
once every channel use, then it is termed a fast fading channel. In 
this thesis, the quasi-s tat ic, frequency-fl a t and frequency-selective fad-
ing ass um ptions are considered. The equ ivalent baseband signal model 
for a frequency-flat MIMO system is given by: 
Y = HX + N (1.2.1) 
where, Y is the flTT x T received matr ix, H is the channel matrix whose 
(i,j)- th ent ry h i ,j represents the complex channel fade coefficient be-
tween the i- th transmit antenna and j-th receive antenna. given by the 
ma.trix: 
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hll hl2 h , N, 
H = 
h 2J h 22 h2Nt E CN,. x N, (12 .2) 
hNr l hNI' 2 hNr·Nt 
X is the N,. x T transmitted codeword , given by a code matrix: 
XII Xl2 X l ]' 
X = 
X21 X22 X2T E C.r'h x T (1.2.3) 
XN" I ·'EN,,2 XN,.T 
Mat ri x X is generally complex valued (X E C'v, XT) and is often 
normalized to satisfy a transmit-power constraint : 
1 E [tr(XX II )] = 1 Tx N, (1.2.4) 
where El.] denotes statistical expectation , [.] 11 denotes complex con-
jugate transpose and tr(.) stands for the trace of a matrix. N is the 
additive zero mean circular white Gaussian noise (AWGN) at the re-
ceiver represented by a N,. x T matrix whose entries are independent 
and identically distributed (i.i.d. ) complex Gaussian random variables 
with zero mean and unit variance. If H is known to the receiver , it 
is referred to as the coherent case. The case of unknown H at both 
transmi tter and receiver is called as the non-coherent case, bu t is not 
considered in t his thesis. 
To obtain the best use of multiple transmit antennas depends on 
having channel state information (cSI) available to both the traJ1S-
mitter aJld receiver [16]. Moreover, coding across space and time is 
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generally necessary to obta in the spatia l diversity benefi t of MHvlO 
systems. In most practical cases, the system estimates the channel at 
t he receiver through the exploitation of t raining sequences [17). In all 
cli apters of this thesis, space time codes are considered fo r the case that 
t he receiver knows the channel state informat ion . 
1.2.2 Closed-loop versus Ope n-loop Syst ems 
\"'hen the transmitter does not have knowledge about the channel , the 
system is called '·open-Ioop" . In t his case, the receiver estimates the 
chan nel and uses the channel state information (CSI) for decoding. 
However, the transmitter does not have access to the channel state ' 
inforlTlation. On the contrary, in so rti e communication sys tems, the 
receiver can send perfect knowledge of the channel to the transmitter 
through a feedback channel. T his is ca.lled a "closed-loop" system and 
the transmitt.er can use this information to improve the error and rate 
performance. The block diagrams of open-loop and closed-loop systems 
are depicted in Fig.(1.3). 
TOO and FOO 
Time Division Duplex (TDD) ami Ft'Cquency Division Duplex (FDD) 
are the two most widespread c1uplexing schemes used SUcll as in fixed 
broad band wireless networks. 
In T DD, the radio channel is shared between the terminal and base-
station . In other words, a single frequency cha.nnel is assigned to trans-
mit information in both directions but use different time slots to com-
municate. As a result, the up link and down link channels of a TDD 
system is considered as the reciprocal of each other. In this case, the 
Section 1.2. System Model and Basic Definitions 8 
chmmel estimation at the receiver can be utilized when transmitting 
back in TDD system. 
In FDD, the uplink and downlink chan nels, use the same time to 
connnu nicate , but use d ifl"erent frequen cies on the links. This technique 
is elTicient when the traffi c is constaJlt and balfl.nced in both directions. 
Transmitter Receiver 
Ca) 
T ran,m;"., Rece;v", l 
Feedback y 
Cb) 
F igure 1.3. Block diagram of (a) open-loop and (b) closed- loop lvl lMO 
systems. 
In a closed-loop system, t he gain achieved by processing a t the 
transmitter and the receiver is called "array gain" . Similar to the di-
versity gain, the array gain results in an increase in the average signal-
to- noise ratio (SNR). If the channel state information is availa.ble a.t 
the transmitter, beamforming techn iques 118) 119) 15) can be combined 
with space-time block coding to fur ther improve the system perfor-
mance. Those two technologies can be employed at the transmitter to 
provide transmit diversity and beal.11forming gain to increase the SNR 
of a wireless system. On the other hand , in most pract ical appli cations, 
t.he amount of feedback information required from the receiver to the 
transmitter should be kept as small as possible due to the very lim-
ited feedback bandwidth. Therefore, the feedback information should 
Section 1.3. Wireless Relay Network 9 
be quantized into levels , and then these levels can be fed back to the 
transmitter to improve the system performance [20]. 
Point-to-point lvlIMO system:; are limited by correlated channels 
and path loss so wireless relay networks are next considered. 
1.3 Wireless Relay Network 
In some applicat ions , a wireless node may not have enough space for 
mounting mul tiple transmit and/or receive antennas. 
Figure 1.4. A basic wireless relay network structure. 
In such cases , cooperative communication is a promising technique 
which allows a set of geographically distributed terminals to share their 
transmit antennas and collaboratively transmit a distribu ted code so as 
to achieve spatial diversity. The spatial diversity thus achieved through 
cooperation is coined "cooperative diversity" . This technique imple-
ments spatial diversity by creating virtual antennas arrays (VAAs) with 
cooperating nodes in order to combat detrimental effects of multipath 
fading. More importantly, with the increasing interests in ad hoc net-
Section 1.3. Wireless Relay Network 10 
works, researchers have been looking for method:; to exploit spatial 
divers ity using the available "free" mobile terminals working as relay:; 
(because the fading paths from two well separated mobiles arc statisti-
cally independent, this generates spatial diversity) , as well as split ting 
the available time slot into two or more phaces [211. In the two-hop 
cooperative network case, the source node transmits during the first 
phase, while the relays transmit during the second phase , sending a 
version of the received signal to the intended destination, thereby in-
crease diversity order against fading and interference. AB the terminals 
are assumed half duplex constrained , i. e., they cannot transmit and re-
ceive simultaneously in the same frequency band. There is therefore 
a rate penalty as compared to point-to-point MIMO systems. The 
relay nodes simply process the received signals from the source and re-
transmit the processed signals to the destination. Among the several 
operations that can be performed at the relay nodes, (1) amplify and 
forward and (2) decode and forward strategies have been extensively 
studied in the literature . Ampli fy and forward relay networks perform 
only linear operations on the received signals from the source and trans-
mi t the resultant signals to the destination whereas decode and forward 
relay network, decode the information from the source, re-encode the 
decoded information and t ransmi t the resultant signals to the desti-
nation. Recently, the area of cooperative communica tions has s parked 
much attention among researchers. If the t ransmiss ions from all t he 
reLays arrive at the destination at the same time, then it is called a 
synchronous relay network. Otherwise , it is called asynchronous relay 
network. It has been shown [221 that cooperative communication can 
improve system performance and increase capacity gains sp ecia lly for 
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large coverage a rea. 
Among the several types of cooperative networks, this t hesis consid-
ers two- and three-stage relay networks. Fig.l .4, shows a cooperative 
relay network consisting of a source node, N relay nodes and a dest i-
nation node. This type of structu re is the basis of the work in relay 
networks within the thesis. 
1.4 Motivation 
T he problem discussed in th is research is how to develop space-t ime/ opace-
frequency block coding tra nsm ission strategies adapted to a point-to-
point wireless link and relay networks with flat and frequency-sc!ective 
fading channels t.o exploit the promise of mul t iple antennas jointly 01' 
individually. This topic has, in fact, already received much attention in 
the past few years [23) [24) tU). As the core idea is complementing the 
time and frequency dimensions with the space dimension inherently 
brought by mult iple antennas, this theois, focuses on MIIIIIO-related 
transmission strategies which are generally referred to as space-t ime 
techniques. In part icular, the thesis focuses on developing a coding 
scheme tha t requ ires channel knowledge to achieve fult rate, maxim um 
di versity and some arra.y gain , i. e., exploitation of channel sta.te in-
formation (CSI), at the transmi tter or relay nodes for point-to-poin t 
MIMO systems and relay networks under various channel condi tions 
res pec ti vel y. 
1.4.1 Enhancement of Space-Time Codes Design 
T he first goal is to enhance the design of space-time codes that fully uti-
lize the spat ia l diversity advan tage to improve the error probabili Ly bc-
Section lA. Motivation 12 
hav iour. The concept of space-time coding was introduced by Tarokh et 
al. [9]. This fami ly of code deoign performs coding across both t ime and 
space (transmit antennas) dimensions. It worko with mul t iple transmit 
antennas and does not neceooarily need mul t iple receive antennas. One 
of the fundamental difficulties of opace-time codes, a fact which has 
made its deoign challenging, is that the design criteria apply to the 
complex domain of the modulated signals rat her than to the binary 
or discrete domain in which the underlying codes a re traditionally de-
signed. Current space-time block codes include orthogonal space-time 
block codes (O-STBCs) [4] [17] [25] [26] and quas i-orthogonal spacc-
time block codes (QO-STJ3Cs) [25] [27] [28] 
O-STBCs with full-rate! designs and complex elements in its tra.ns-
mission matrix are impossible for more than two transmit antennas. 
The only example of full-rate full-diversity complex space-time block 
code using orthogonal designs is Alamouti's scheme ['1]. On the other 
hand , the closed-loop QO-STBC provides the advantages of full -d iversity 
and ra te one but \Vi th symbol wise decoding. While the recei vel' of 
orthogonal STBCs can decode the symbols one-by-one, the decoding 
for the open-loop quasi-orthogonal STBCs is performed for pairs of 
symbols. This means that the decoding complexity of the orthogonal 
STBCs is lower. Thus in this thesis, another fami ly of STBCs that 
achieve full-rate full-diversity and with linear decoding is proposed 
for four transmit antennas. This scheme is referred to as extended-
orthogonal STBCs (EO-STBCs) [29]. It is a simple scheme that is 
sui table for different number of t ransmit antennas. Simulation results 
demonstrate that they outperform existing codes based on transmitter 
I full -rate is used intercl1aJIgeably with rate one 
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preprocessing criteria over a wide SNR range. 
1.4.2 Space-Time Codes Design for Wireless Relay Ne tworks 
In recent years it has been found that the framework of space-time 
coding also plays an important role in coding for wireless relay networks 
[30] [31]. The second goal in this work is to stud y and investigate 
cooperation by applyi ng STBCs to cooperat ive relay networks. A two-
hop relay network and t hree-hop OFDM relay network are considered. 
Given a fixed power budget, an opt imal inter-stage power allocation 
presented in [22], which minimizes the end-to-end BER in a flat fading 
channel is considered first. Then, t his work is extended to frequeney-
selective fading channels. To fur ther improve the performance of such 
a system, an optimal intra-stage power a llocation strategy for all sub-
carriers is proposed [32] in addition to the aforement ioned inter-stage 
algori thm. 
1.5 Organization of the Thesis 
An introduction and brief su rvey of the state of the art in space-time 
block codes (STBCs) and distributed STBCS (DSTBCs) is presented 
in Chapter 1. In Chapter 2, a detai led literal,m e survey is provided 
together with the necessary theoretical background. T he detai ls of 
transmit and receive diversity followed by the int roduction of the space-
time codes is included . I t also contains a simulation study of space-time 
block codes. 
The fi rst part of the core research is presented in Chapter 3 and 
Chapter 4 . Chapter 3 focuses on the development of the extended-
orthogonal space-t ime block code (EO-STBC) for a four transmit an-
------------------------------------------------ --- - -
I 
__ J 
Section 1.5. Organization of th e Thesis 14 
tenna system. The cause of the diversity loss in EO-STBC is investi-
gated. It is demonstrated that coupl ing between symbols is the cause of 
this diversity loss. It is shown that by rotating the signals transmitted 
from certain antennas using full or partial CS] at the transmit ter , th is 
problem can be eliminated. It is also shown that this method resul ts 
in full diversity rate STBC for four t ransmi t a ntennas. T he effect of 
quantized CS] is also examined and it is found that even \Vi h two-
bi t CS] system perform ance can be greatly improved. Moreover, it is 
demonstrated that the proposed method outperforms previous closed-
loop STBCs for more than two transmi t antennas. Chapter 4 investi-
gates an extended-orthogonal space-frequency block code (EO-S FEC) 
system over frequency selec tive fading channels. To mitigate the effect 
of frequency selectivity of the channel, EO-SFBC is concatenated with 
orthogonal frequency division multiplexing (OFDM) technique. This 
technique transforms a MIMO frequency selective channel into parallel 
lVlIMO flat fading subchanne1s. The stud y evaluates and compares the 
OFDM bi t error rate performance of several schemes with EO-SFBC 
OFDM system. Note that only spatial diversity gain is exploited. 
Chapter 5 presents the second major part of this research. In this 
chapter , an adaptive resource aJiocat ion fo r an OFDM-based relay ing 
system is considered. Adaptation is suggested in the context of power 
constraint and channel statistics which relate to the optimu m fract ional 
transmission power allocated to each stage and type of operational 
mode. Adaptation to channel statistics is suggested by switching to 
either a space frequency code (SFC) or a space-time-frequency code 
(STFC) according to the channel condition as an effecti ve technique 
of minimizing the receiver error performance degradation due to the 
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highly frequency selective nature of t he channel, wherein the channel 
state information (CSJ) is availab le to the relay nodes. 
FinaJly, a concluding summary and suggest ions for future research 
are provided in Chapter 6. 
Chapter 2 
LITERATURE SURVEY AND 
BACKGROUND 
In this chapter a detailed li terature survey and necessary theoretical 
background concern ing the proposed schemes are provided. The con-
cept and several key measures of space- time codi ng are reviewed. 
2.1 Introduction 
Space-time codes (STCs) have been im plemented in cellular communi-
cat ions as well as in wireless local area networks. Space t ime coding 
is performed in both spatial and temporal domains introducing redun-
dancy between signals transmitted from various antennas at various 
time peri ods. It can achieve transmit diversity and antenna gain over 
spatially uncoded systems without sacrificing bandwidth. The research 
on STCs focuses on improvi ng the system performance by employing 
extra transmit antennas, In general , the design of an STC amounts to 
finding transmit mat ri ces that satisfy certain optimaJity criteria. Con-
structing an STC , researchers must be ready to trade-off between three 
goals: simple decoding, minimizing the error probability, and maxi -
mizing the information rate, The essential question is: How can the 
16 
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t ransmission rat.e be maximized using a simple coding and decoding 
algorithm at the same time as the bi t error probability is minimized? 
2.2 Exploiting multiple a nte nnas in wire less 
Fig.(2.1) illustrates different antenna configurations for space-time wire-
less channels. The first one of them illustrates SISO (single input single 
out put) in which a single antenna is used for transmiss ion and recep-
tion. This is a fami liar wireless configuration. Single inpu t mul t iple 
output (SIMO) has a single t ransmit antenna and multiple (Nr ) receive 
antennas. lVlul t iple input single output (MISO) has multiple transmit 
an tennas (N,.) and a single receive antenna. 
·1 Tx 1 
y ~ Rx 1 • SISO 
L 
·1 1 
y ~I 1 : Tx Rx SI MO 
·1 Tx 1 ~ ~ Rx 1 • MISO 
:1 1 ~ L 1 : Tx ~I Rx MIMO 
Figure 2.1. Antenna configurations in space-time wireless systems. 
(Tx:Transmi tter , Rx: Receiver) . 
In MIMO antenna systems with (N,) t ransmi tting and (Nr ) re-
ceiving antennas, the data are sent simultaneously and synchronous ly 
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from the transmitting antennas. The signa l received at each alltenn a 
is therefore a superposition of t he (NI) transmitted signals corrupted 
by additive zero meall Gaussian white noise and mU ltipLicative fad ing . 
Information t heoretic resu lts have demonstrated t hat the ab ili ty of a 
sys tem to support high link quali ty and higher data rates in the pres-
ence of Rayleigh fading improves significa ntly with the use of multi ple 
transmi t and receive antennas [33J [34], provided the indi vidua l lin ks 
are statistically uncorrelated . 
2.3 Rece ive antenna dive rsity 
Consider a sys tem with a single anten na at the trallsmitter and mult iple 
antennas at the receiver (S1M O channel). Assuming frequency fl at 
fading quasi-static conditions, the channel vector h for such a system 
is given by 
(2.3.1) 
where Ne is the number of receive antennas. Assuming that the symbol 
s to be transmitted is d rawn from a scalar constellation with E, average 
energy, the inpu t-output relation for the channel may be expressed as 
y = jE,"hs + n, (2.3.2) 
y IS the Nr x 1 received signal vector and n IS circularly symmet-
ric zero-mean complex additive wh ite Gaussian noise with independent 
identically distributed i.i.d. elements each having variance (T~. To max-
imize the received SNR, the receiver performs maximal ratio receiver 
combi ning (MRC) 
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(2.3 .3) 
where z is the receiver output, I\ hW is t he squared Euclidean norm of 
h and (.)11 denotes t he conjugate t ranspose operator. Since t he noise 
vector 11 is spatially white, the S R at the receiver I is given by 
(2.3.4) 
where p = E.,/No is the a.verage SNR a t the receive antenna in a SISO 
fading link. Assuming a rich scattering environment , the average prob-
a.bility of symbol errOr Pe [or such a chan nel is upper-bounded by 
(2.3.5) 
where Ne and Ct;,'i" are respectively the number of nearest neighbors and 
minimum distance of separation of the underlying scalar constellation . 
In the high SNR regime Equation (2 .3.5) may be simpli fied as 
P < N (pct;"in) - N, 
e - c 4 (2.3.6) 
Thus the diversity order of the system is equal to the number of 
antennas at the receiver N,.. Furt hermore, since El\h W = N r for a 
spatially white channel , the average SNR at the receiver is given by 
(2.3.7) 
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Hence, in add ition to di versity gain , t he average 8Nll at the receiver 
is enhanced by a factor of N,. over a standard 8180 link due to array 
gain . Fig.(2.2) shows the average BEll performance of a receive di ver-
sity scheme assuming for simplicity binary phase shift keying (BP8K) 
t ransmission for varying antenna configurations. The bit error rate im-
proves with the number of receive anten nas in the system. As can be 
seen , the performance of the receive diversity scheme with two receive 
antennas is much better than that of the system wi th one receive an-
tenna. At an average bit error probability of 10- 3 , the receive diversi ty 
code provides more than 10 dB improvement. Also, with fou r receive 
antennas , the system outperforms the system with two receive antennas 
by 9 dB for a target BEll of 10- " . 
1 ~ r-~~ .. ~. ~ .. ~ .. ~ .. '. ~. ~. ~r-~~~~~~~~==~===J 
--Nr=l : 
., 
10 ... . ; : : : ;: ::: ~;: :::: :...:. .. 
::::::::.;:::: ...... . 
o 2 4 6 
... .. 
, 
, . 
8 
SNR 
- - - Nr=2 . 
--- Nr=4 
. , 
.:.:.::. ::: s ........ 
. .. :-...:. 
, 
.. ::;:::::!:::: ............ ~. 
10 12 14 16 
Figure 2 .2. Performance of receive diversity with increas ing number 
of receive antennas. 
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T he simulation result in Fig.(2 .2) dcmonstrates that signifi cant gain 
can be achieved by increasing the number of receive antennas. How-
ever, deploying multiple antennas at the tcrminal receiver is often not 
feasible due to cost or size limitations. Instead , the use of multiple 
antennas at the transm itter in combination with transmit antenna di-
versity tcchniques is becoming increasingly popular. 
2.4 Transmit antenna diversity 
2.4.1 Space-Time Block Codes (STBC) 
In this section , the existing STBCs for lVlIlVlO fl at- fad ing channels are 
briefl y reviewed and discussed. In an STBC, the transmitted symbols 
are sited in a matrix to describe what is transmi tted both in the space 
and ti me dimensions. There are several types of STBC including the 
orthogonal STBC (O-STBC) [4), quasi-orthogonal STBC (QO-STBC) 
[25J and cxtended-orthogonal EO-STBC [291 · 
In the context of this thesis, special at tention wil l be paid to QO-
STBCs and EO-STBCs. A very important property of an EO-STBC 
is that the computational complexity of the maximum likelihood (lVlL) 
based receiver is linear in the number of t ransmit antennas. 
The rate of STBC is defined as the ratio of the number of data 
symbols that can be sent in one codeword to the number of time slots 
that the code occupies. All O-STBCs achieve full diversity of an order 
equal to the number of transmit antennas. However, they in troduce 
redundancy in the temporal dimension , hence they achieve a code rate 
less than unity, except for the two antenna scenario. The goal of space-
time coding is to achieve the maximum spa tial diversity of N,Nr, the 
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maxjlntUTI coding gain, ",nd the highest possible throughput [24J. In ad-
dition , the decoding complexity is very important. In a typical wirelcss 
comll1u nication system the mobi le transceiver has a lim ited available 
power through a battery and should be a small physical device. To 
improve the battery life , low complex ity encoding and decoding is cru-
cial. On the other hand , the base station is not as restricted in terms 
of power and physica l size. Onc can put multiple independent anten-
nas in a base station. Therefore, in many practical situations, a very 
low complexity sys tem with multiple transmit antennas is des irable. 
Space-timc block coding is a scheme to provide these properties [24J . 
2.4.2 Flat quasi -stati c fading channel 
There arc three key STBCs that arc going to be discussed in this section. 
Although new block codes do appear in the li terature, these three are 
still widely used as perform ance benchmarks and form the foundation of 
insightful new analytical results. T he first is the Alamouti code, which 
wi ll be covered in detail here since it has been considered as the building 
block for other codes and being practically applied such as in [4J. Next , 
an extended version of Alamouti's work , which accommodates larger 
numbers of t ransmit antennas , proposed by Tarokh et al. [8J under 
the name of quasi-orthogonal designs is considered. Finally, special 
attention will be paid to the extended-orthogonal codes of Akhtar and 
Gesbert [29J, which address the limitations of both of these previous 
codes and also support arbitrary num bers o f transmi t antennas. 
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2.4.3 Alamouti Scheme 
The most well-known space-time code is Alamouti's STBC [4J. It is the 
on ly open-loop STBC code that can achieve both full di versity and full 
code rate for complex constellations. A block diagram of the Alamouti 
space-Lime scheme is shown in (Fig.2.3). 
", J h 
", '-V 
+ h + I C~annel I h . I Comtliner I 8S!,malOf 
h, of h,of 
" y " y 
I MLdecoder I 
" " 
F igure 2 .3 . A block diagram of the Alamouti space-time scheme. 
Generally, STBCs can be descr ibed by a code matrix, which defines 
what is to be sent from the transmit antennas during transmission of a 
block . The code matrix is of dimension N,. x tb where N,. is the number 
of t ransmit antennas and tb is the number of symbol periods used to 
transmit a block. So the co lumns of the matrix represent the t ransmit 
antennas, and the rows a re the time (symbol) periods. 
For a two transmit and one receive antenna scheme with a frequency-
flat Rayleigh fading channel, the t ransmi tter sends S i from antenna one 
TXi and S2 from antenna two TX2 at time one. Then at time two, it 
transmits -s; and s; from antennas one and two, respectively. There-
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fore, t he transmi tted codeword is 
(2.4.1 ) 
The code belongs to the class of O-STBCs, which sat isfy the follow-
ing constrain t, 
cc" = L als"Y(!) (2 .4 .2) 
n = 1 
where ns is t he number of symbols , s" is t he nth complex symbol, a is 
an arb it rary consta nt and J denotcs t he 2 x 2 identity matrix. 
T here arc several properties that make O-STBCs particular ly in-
teresting. Foremo:;t is that the ML detection of difIerent symbols is 
decoupled . In t he ca,e of the Alamouti code t his means t hat the two 
symbols which me coded together Cal) be detected independent ly at the 
receiver. In other words, the SalTIe techniqucs used to detect symbols 
one at a time in a SISO scheme can be used in the AlaJUouti scheme as 
well. Thi, scheme for Nr receive antennas is depicted in Fig.(2 .3). 
For simplicity cons ider a single receive alltenna case. The signal at 
this alltenna, at two successive t ime s lots are stacked into a 2 x 1 vector 
r as fo llows 
(2.4.3) 
r = X h + TI (2.4.4) 
where nl and n2 al·e independent, zero-mean circularly symmetric, ad-
ditive whi te Gaussian noise samples . T he channel coeffici ents , hi and 
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h2 ' a.re ass umed to rema.in static over two symbol periods (time slots). 
Alternately, without loss of generality, by conjugating the second row, 
thi s system of equat ions can be represented equi valently as follows 
(2.4.5) 
r = Hx + n (2.4.6) 
Note that H is proportional to a unitary matrix i. e., HIIH = (lh ,1 2+ 
Ih212)I , which is due to the fact the transmitted symbol block, has an 
orthogonal structure. 
Assuming perfect channel knowledge at the receiver, the transmit-
ted sy mbols 5, and 82 can be estimated in a maximum likelihood fash-
ion by first combining t he received signals according to the following 
equations 
(2.4.7) 
(2.4.8) 
Then, to decode 5r, the receiver finds the closest symbol to 8, in 
the constellation. Similarly, the decoding of 52 consists of finding the 
closest symbol to 82 in the constellation. Fig.(2.4) shows a block di-
agram of the decoder with IvI receive antennas . Note that maximum 
ratio combining is used for the maximum-likelihood decoding with more 
than one receive antenna. This is the decoLlpled ML detection that is 
common to all O-STBCs. 
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1'1 • .11 ,r1•M 
Calculate S, S, 
" 
(SI 'S) Pick Closes! Symbol 
M 
F igure 2.4. Receiver block diagram fo r Alamouti code with MRe. 
T he validity of Alamouti's proposed system can be seen by sub-
stituting the values of T, and T2 in to Equations (2.4.9) to obtain the 
following 
(2.4 .9) 
In matrix notation, t his becomes 
(2 .4.10) 
which shows that when the received signals are combined accord ing 
to Equations (2.4.9), the transmitted symbols are combined coherently 
and weighted by a positive factor, i.e. Ih,,2 + Ih21" The noise samples , 
however, get combined in an incoherent manner . This is how the Alam-
outi scheme is able to achieve an improvement in performance over a 
8180 sys tem. 
T he Alamout i scheme can be s imilarly generaJi zed to two transmit 
and Mc receive antennas. F\uthermore exploiting the orthogonal prop-
erty of the transmitted matrix it is easily shown in [8J that the Alamout i 
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__ Alamouii scheme (2Tx.1 Rx) . 
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F igure 2.5 . Performan ce of Alamollti scheme. 
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Comparison of the Alamoll ti transm it diversi ty (N, = 2, N, = 1) with 
receive di versity (MRC) (N, = 1, N, = 2) both schemes have the same 
d iversity order of 2, but receive diversity has an additional 3 dB receive 
array gain in independent Rat Rayleigh fading using channel uneodcd 
coherent BPSI< ; the Alamouti scheme fo r (N, = 2, N, = 2) is a lso 
shown for comparison. 
code provides a maximal diversity order of N,N, = 2N, .. 
T he Alamouti scheme is very attractive for practi cal applications 
such as (WiFi), (WiMax) and (LTE) (4G) systems [131 because of the 
simplicity of decoding combined with the maximal spatial diversity gain 
advantage it provides. 
The performance of the Alamout i scheme over a quasi-static fl at 
Rayleigh fading channel is provided in Fig.(2.5). The quasi-static as-
sumption is true if the channel does not change over a frame of T = 2 
symbols. Fig.(2.5) shows the average BEll. versus SNR plot for a sys-
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tem using a BPSK constell ation and one and two receive antennas. As 
can be seen, the performance of the Alamouti code with two transmit 
antennas is much better than that of the system with one t ransm it an-
tenna. At a bi t error probabili ty of 10- 3 , the Alamouti code provides 
more than 14 dB improvcment. More importantly, due to thc diversity 
gain of the Alamouti code, the gap increases for higher SNR values. In 
fact , the error rate decreases inversely with "(2 , where "( is the received 
SNR. In other words, the di versity gain of the code is two. This pro-
vides dual diversity that is the same as the di versity of a system with 
one transmit antenna anci two receive antennas using max imum ratio 
combining (MRC). 
2.5 Orthogonal Space-Time Block Codes (O-STBCs) 
The pioneering work of Alamouti has been a basis to create O-STBCs 
for more than two transmit antennas. Later , Tarokh, Jafarkhani and 
Calderbank in [8J proposed a general design of orthogonal STBC for 
any number of transmit antennas that may achieve full diversity and 
fast ML decoding. For an arbi twry complex constell ation such as phase 
shift keying (PSK) and quadwture amplitude modulation (QAM), their 
STBC can not obtain a rate greater than 1/2 for any number of t.ransmit 
antennas. For the specific cases of three and four transmit antennas , 
orthogonal-STBC, have a rate of 3/4. 
Next, a general survey of orthogonal designs and various propert ies 
of O-STBCs will be provided. T here exist real orthogonal and complex 
orthogonal des igns. Focus will be here on complex orthogonal designs 
because complex symbols are used in real wi reless sys tems. More about 
real orthogonal design can be found in [8J. 
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De fini t io n 3.1 Orthogonal Design 
An O-STBC is a linear space· time block code S that has the following 
unitar y property: 
N 
C ll C = L Is,,1 21 (2.5. 1) 
n = 1 
T he i-th row of C corresponds to the symbols transmit ted frorn 
the i- th t ransmi t antenna over N transmission periods, while the j-
th column of C represents the symbols t ransmit ted si mul taneously 
th rough iV, transmi t antennas at t ime j. According to Equation 2.5.1 
the columns of the t ransmission matrix C are orthogonal to each other. 
T hat means t hat in each block, the signal sequences from any two trans-
mit antennas are orthogonal. T he orthogonality ensures that full tnulS-
mit divers ity is possible and at the same t ime, it allows the receiver by 
means of simple MIlC to decouple the signals t ransmitted from different 
antennas and consequently, it allows sirnple ML decod ing. 
2.5.1 Examples of O-STBCs 
Next, some O-STBC matrices for iV, = 3 and 4 antennas are given. For 
N,. = 2 transmit antennas the mos t popular O-STBC is the Alamouti 
code [4). 
Example 2.2 O-STBC with a rate of 1/2 symbol per time slot 
For any arbit rary complex signa l constellation, there are O-STBCs 
that can acllieve a rate of 1/ 2 for any given number of iV, tra nsmi t 
antennas. For example, the code matrices S3 and S4 are O-ST BCs for 
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three and four transmit antennas respectively and t hey have the rate 
1/ 2 [9J 
S , S2 83 
- S2 S, 
- S" 
-83 8" S, 
83 = 
S,' -S3 S2 (2 .5.2) 
S' , s· 2 sj 
-8; S· , -8~ 
s; 84 s7 
-84 -sj S· 2 
S , 82 83 8" 
-82 S, -$4 83 
- S3 S" 8, - 82 
8" = 
- S'1 -S3 82 S, (2.5.3) 
si s· 2 S3 S~ 
-S; S· , -S~ S· 3 
-S; S~ s7 -S; 
-S: -sj S2 57 
With the code matrix 83 , four complex symbols are taken at a time 
and transmitted via three transmit antennas in eight time slots. Thus , 
the symbol rate is 1/ 2. With the code matrix 8", fo ur symbols arc 
taken at a time and t ransmitted via [our transmi t antennas in eight 
time slots, resulting in a transmission rate of 1/ 2. 
Exam ple 3.3 O-STBC wilh a "ale of 3/4 
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The following code matrices S3 and S; are complex generali zed de-
signs for O-STBC with rate 3/ 4 for three and four transmit antennas , 
respectively [9[. 
S , 82 .!;L l .;? 
53 = -82 s; ~ (2.5.4 ) 
~ ;t, (- SI - s j+ S2 - Sj) 
.;? 2 
!:L _.:!L (S2 +S~ +SI-6i ) 
.;? .;? 2 
8, 82 .!;L ft 
.;? .;? 
-s; s; ~ _..:!.1.. S' - v'2 (2.5.5 ) ,' - ~ .::i (- SI - s j+S:o/ - s j ) ( - S2 -S~ +S I - s i ) 
v'2 v'2 2 2 
s ' -~ (S2+8:i + SI- ,sj) (8 I +Sj +S2 -s;) ""-
v'2 .;? 2 2 
The main properties of an orthogonal design are simple decoding 
and full di versity. To design fu ll-rate codes, the simple separate decod-
ing property should be relaxed. In the sequel section codes for wh ich 
possible decoding pai rs of symbols independent ly are considered. This 
class of codes is called quasi-orthogona.l space- time block codes (QO-
STBCs) [25] [35] [28] [27], some of whi ch may sacri fi ce the diversity 
gain to have a higher code rate. 
2.5.2 Quasi-Orthogonal STBC (QO-STBC) 
One of the drawbacks of orthogonal STBCs is t hat the maximum code 
rate for more than two transmit antennas and complex constellations 
can not be greater than 3/ 4 [36]. This is because O-STBCs maintain 
orthogonali ty in order to use a simple decoding algori thm . In order to 
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improve the symbol transm ission rate, the requirement of orthogonality 
in a n O-STBC has to be relaxed. This has led to another subfamily 
of STBCs, namely QO-STBCs, which were proposed for four transmit 
antennas by Papadias [37] and J afarkhani [25] . Al though the matrices 
introduced by these pa pers are different, it can be shown that t heir 
properties and performances are identical. 
A straightforward extens ion of Alamou ti 's STBC is to construct t he 
code matrix using two Alamouti codes A and B with 
(2.5.6) 
which are used in a block st ructure resulting in the :;0 called QO-
STBC scheme for four transmit antennas: 
.1.:J 
·'1:2 X3 XI) 
[ A B 1 -X2 .IT - .T~ X3 x = (2.5.7) - B ' A' - X3 -.1.:~ x* x; I 
·1:4 -X3 -X2 Xl 
Clearly, the code rate is uni ty, since four data symbols are t rans-
mitted over four t ime slots. As it wi ll be shown later , however , t he 
diversity order of this code is two. Hence in contras t to O-STBC, while 
QO-STBC achieves full code rate, it suffers from di versity loss. T his 
can be explained as follows. 
Assu me that the above codeword is transmitted through a four 
transmit arid one receive antenna channel wi th each path experiencing 
independent fr equency-flat fading with a Rayleigh distribu t ion. Stack 
the received signals over a code period of [our time slots, into a vector 
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r. In order to simplify the discussion , take the complex conj\lgate of 
the second and third rows as follows 
1'1 hi 17,2 ho 11, 11 XI 111 
T; h; -17,; 11., -11.3 X2 11.; (2.5.8) = + 
Tj h; h~ - h; - 11.; :C3 11; 
1'4 It. - 17,0 - h2 h i X 'I 71,'1 
I' = H x + n , (2.5.9) 
After performing matched filteri ng, the estimates of the tra nsmi tted 
symbols become 
x = H I/ r = c.x + H I/ n , (2.5.10) 
XI 'Y 0 0 (l! ,1: I nl 
X2 0 'Y -(l! 0 X2 n2 
= + (2.5. 11) 
5;3 0 -Q 'Y 0 X3 113 
5;. Q 0 0 'Y x" n. 
where 
• 
'Y = L lhd2 
i= 1 
Q = 2~{hlh~ - h2h;} 
Hence, it is easily seen that d ue to the term (l! there is a form 
of coupli ng. For example, the fourth symbol in terferes with the first 
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symbol, while the second symbol intcrfcres with the third symbol. The 
cause of the diversity loss is due to this coupling of symbols. 
T here is another QO-STBC which can achieve full rate but not full 
diversity proposed in [27[. I t is described as 
Xl X2 X3 ·'1;4 
-x; x' -X~ xj 
x = 
. I (2.5 .1 2) 
X3 X" X l X2 
-x~ x:i -X; X~ 
T he performance of this code is ident ical to (2.5.7). T hese QO-
STBCs achieve full rate at the cost of having less di versity gain and 
more computational complexity because of the coupling between sym-
bob. The simulation results in [25J show that the performance of the 
QO-STBC is better than the O-STBC over low SNRs, but worse at 
high SNRs. This is due to the fact that the di versi ty gain determ ines 
the asymptotic slope of the 13ER-SNR curve. 
A QO-STBC which can achieve full di versity and fu ll code rate 
for four transmi t antennas was proposed in [28J and [38J . In [28], full 
diversity was achieved by using symbols from different constellations. 
T hese different constellations are obtained by rotat ing the original con-
stellation by some angle, which is chosen to maximize the El.Iclidean 
distance between different codewords. I t is shown in [28J t hat this QO-
STBC achieves full rate and fuLl d iversity gain , bu t its decoder has 
higher computational complexi ty t han O-STBCs codes. The simula-
tion results in [28J show that the BER-SN R curve of this QO-STBC 
has the same slope as O-STBC . So , it can perform much better than 
the QO-STBC in [25J at high SNRs. 
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Likewise, a feedback method proposed in [38) to orthogonalize the 
QO-STBC is achieved by rota ting the t ra nsmi t ted signals from the 
third and fourth antennas by two phase angles 0 and </J while the other 
two aJ1tennas are kept unchanged . Therefore, full di versity gain itnd 
full code rate was achieved by elim inating the off-d iagonal elements et 
but at. the expense of feedback overhead as follows 
(2 .5. 13) 
where 1R{. } denotes the real paTt of a complex number. Defining 
/i, = hih" and A = h2h3' in order to orthogonalize the QO-STBC, it is 
sufficient to set t he phase value 0 to 
0 = arcos(IAIIIKlcos(</J + LA) ) - LK (2.5. 14) 
where 1.1 and L denote the a bsol ute value and the angle operators , 
respectively. 
Clearly, this method requires the feedback of the act ual phase value 
wh ich needs a higb precision if, for example, a fl oating or fixed point 
feedback is employed. In a practica l app lication this may not be pos-
sible due to the very limi ted feedback bandwidth. Instead , the phase 
information call be quantized , and then these levels are fed back to 
the transmi tter (38). Satisfactory performance can be obtained a lso 
by rotating the third and the fourtb antennas by a common phasor as 
proposed in (39). The cha nnel will 1dso have to remain stationary for a 
sufficient interval. 
Another method also proposed in [38) for eliminating the coupling 
term by multiplying the transmitted signals by a diagonal weighting 
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matrix [40], is based on the qua lity of the channels 
WJ = {d'iag{laI2 , lal2, 1 - laI2, 1 -laI 2 }} 1/2 
W 2 = {diag{laI2,1- laI2 , laI2,1- lcd2 }} 1/2 
W 3 = {diag{1 _10,12, laf, 1 -laI2, laI2}} 1/2 
W , = {diag {1 -laI2, 1 - laI2, 10,1 2 , laI2} } 1/2 
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(2,5. 15) 
where lal 2 :::: 1 is a design parameter depends on the quali ty of the 
channeL "Vhen lal2 = 0.5, there is no selection and all antennas trans-
mit a.t the same power leveL If lal 2 = 1, two out of four antenn as are 
selectecL For example, if Ih ll :::: Ih,d and 111,21 :::: Ih,d, the matrix W I is 
chosen. Hence the inter ference is eliminated with a two bit feedback. 
Fig.(2.6) provides simulation results for the transmission of quas i-
orthogonal STBC for fo ur transmit antennas and one receive antenna 
using a (QPSK) modulation scheme. 
Simulation results show that fu ll transmission rate is more impor-
ta nt for very low SNRs, high BEBs, whi le full diversity is the right 
choice for high SNRs [24J. A rotated QO-STBC with feedback loop 
provides the advantages of full diversity and full code rate with sim-
ple ML decoding therefore performs bet ter at all SNRs. At a BEll of 
10- 2 , the performance improvement of the feedback scheme provides 
more than 2.5 dB compared with the open loop scheme. T he feedback 
method is successfu l in reducing the off-d iagonal terms of the QO-STBC 
matrix. It is also observed that there is about 1.5 dB degradation at 
10- 2 in the performance of the quantized scheme compared to the real I 
1 Rea.l and unquanlized have same mc.:'lning 
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Figure 2 .6 . Performance of quasi-orthogonal STBC scheme. 
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Bi t error rate performance comparisons between the open loop quasi-
orthogonal code and with real and quant ized phase feedback schemes 
and 1:1 SlS0 (single input single output) system is also shown for 
compan son. 
system. It is also worth not ing that for orthogonal STBCs, the receiver 
can decode the symbols one-by-one, while the decoding for the rate one 
quasi-orthogonal STBC is done for pairs of symbols. T his means that 
the decoding complexity of orthogonal STBCs is lower although both 
codes have a very low decoding complexity. The encoding complexity 
of the two systems are the same. 
2.5.3 Extended Orthogonal STBCs (EO-STBCs) 
Although many partial feedback methods can be adopted to improve 
the closed-loop system performance [40[ [41[, the major problems of 
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such systems are high cost and high complexity due to more than one 
RF chain at both link ends [42], [43], [28J. 
The Alamouti scheme can be also used as a bu ilding block to design 
the EO-STBC with four transmit anten nas and full ra.te. The scheme 
can achieve a full transmit diversity with simple detection, given by 
(2.5. 16) 
-x; 
where ~ is a constant value equal to 1/ 2. For simplicity this constant 
will be ignored. A three t ra nsm it antenna scheme can be obtained by 
deleting one column of £2 as 
(2.5.17) 
Cons idering one receive anten na, the received signals "1 and r·2 can be 
expressed as 
(2.5.18) 
where [nln;jT is the add itive white Gaussian noise (AWG N) vector and 
H (2) is the equ ivalent channel matrix given by 
(2 .5.19) 
T he Grammian matrix Call be obtained by a pplyi ng the channel matched 
fi ltering at the receiver 
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(2.5.20) 
where et = 'L-:=l Ih, 12, and fJ = 2Re(h,hi) + 2Re(h3h: ). 
The Grammian matrix G (2) of the EO-STBC is orthogonal , which indi-
eatcs a simple receiver decoding wit h linear detected signals as follows 
(2.5.21 ) 
Although the decoding complexity is low, fJ may be negative , which 
leach; to some diversity loss . In order to achieve a full diversity, two 
feedback bi ts can be used to rotate the phases of the signals for certain 
antennas to ensure that fJ is positive during the whole t ransmission. 
1t is worth pointing out that the EO-STBC has advan tages over other 
STBCs for more than two t ransmit antennas . F irst, a single RF cha in 
can be adopted for two transmit antennas t hat t ransmits the first two 
columns or the last two co lumns of E (2) . In addition , the fu ll-rate is 
achieved wi th decoding delay equal to two [?]. 
2.6 Cha pte r Summary 
Space-t ime block codes llnpr ve the performance of communication 
systems by introducing transmit d iversity. This chapter introduces 
the reader to the bas ic concepts of space- time block coding scheme 
and provides simulation resul ts for its average BEll. performance. A 
comparison of the sl\l" veyed techniques with respect to di versity gain , 
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achievable rate and decoding complex ity is also provided. 
Diversity is an effective technique to increase the t ransmiss ion qual-
ity of a sys tem . The basic idea of spatial diversity is to obtai n replicas 
of the transmitted signal each experiencing independent fading. Byex-
ploiting sui tably positioned multiple antennas at the t ransmitter and / or 
receiver, spatial diversity can be obtained. 
Space-time block codes are methods which utilize a special code-
word to encode the transmi tted symbols over both spatial and tempo-
ral dimensions thereby benefi ting from diversity. Such codes include 
O-STBCs, QO-ST BCs and EO-STl3Cs that were described in detail 
in this chapter. O-STBCs have simple decoding algori thms and can 
achieve full diversity ga.ins. l3ut they cannot provide fu ll rate and fu ll 
diversity for MIMO systems with more than two tram;m it antennas. 
QO-STBCs can achieve full-ra.te, bu t their decoding algorithms arc 
more complicated . EO-STBCs can achieve the same fu ll-rate as QO-
STBCs with linear decodi ng complexity and also prov ide array gain 
provided a scalar parameter (3 remains positi ve. T hese versatile codes 
arc applied widely in later chapters of th is thesis. 
Chapter 3 
ENHANCEMENT OF 
EXTENDED-ORTHOGONAL 
SPACE-TIME BLOCK CODES 
This chapter shows how to design a rotated extended-orthogonal STBC 
(EO-STBC) that provides full spatial diversity and rate one while each 
symbol is decoded separately using on ly linear processing. The error 
performance of EO-STBC is evaluated through simulations. EO-STBC 
for receive anten na selection has also been considered . 
3.1 Introduction 
Space-time block coding is an effi cient method to achieve transmit di-
versity. Unfortunately, space-time block-codes (STBCs) providing both 
full diversity and full code rate do not exist for more than two t ransmit 
ant nnas for complex valued constellations (e.g . Alamouti 's code [4)) , 
as proved in [81 . Higher order STBCs have been proposed but either cli-
versity or full code rate must be rela.;'[ed. A quasi-orthogonal space-time 
block code (QO-STBC) is designed in [251 for four transmit antennas 
which achieves full code rate at the expense of loss in diversity gain. 
41 
------- --------
Section 3.1. In trodu ction 42 
In this chapter a transmi t ter preprocessing scheme is proposed and 
investigated to improve the bit error (BER) performance of extended 
orthogonai space-time block codes (EO-STBCs) in the presence of feed-
back. In particular , a new scheme is developed to maximize the signal-
to-noise ratio (SNR) improvement as compared to prev ious work [42 ]. 
In this scheme, phases of certain symbols are rotated from certain an-
ten nas in a pre:;cribed way based upon transmi tter channel :;tate in-
formation (CSl) , which is fed back from the receiver. The rotation 
is efFectively equivalent to rotating the phases of the corresponding 
channel coefficients. It is shown that with only two bit feedback as 
facilitated in Universal Mobile Telecommunications System-Frequency 
Division Duplex (UMTS-fDD) a full diversity order of four is achieved. 
I t is also shown through simulations t hat the proposed closed loop 
phase feedback provides a significant improvement in BER performance 
wi th feedback of only a single phase, and that improvement is retained 
\Vi th quantized feed back. 
In some app lications, there may not be enough space for several 
radio frequency (RF) chains or their price does not justify the gain 
achieved by maximum ratio combining (MRC). Therefore, it is some 
time beneficial to design a combiner that uses only one Rf chain. The 
complex ity versus performance trade-off for a space-time block coded 
receiver is studied. It is seen how performance starts improving with 
increasing the number of receive antenna. 
The organization of this chapter is as follows. A complete charac-
teri zation of EO-STBC is introd uced in Section 3.2. In Section 3.3 the 
signal phase rotation algori t luTI based on full transmitter CSI is pro-
vided. The performance of the algori thm when the accuracy of the CS] 
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x' 2 ,x' 1 
F ig ure 3.1. Baseband representation of the proposed closed-loop EO-
STBC system with fo ur transmi t and one receive antennas. 
is red uced bo th through pha:;e quant ization and reducing t he nu mber 
of phasors for signal rotation is exam ined in Sect ion 3.4. The receive 
antenna selection fo r closed-loop EO-STBC is provided in Section 3.5. 
Maximum-likelihood (ML) decoding is exami ned in Section 3.6. In 
Sect ion 3.7 , the perform ance of the proposed codes is evaluated and 
compared with that of existing codes. Finally, Sect ion 3.8 concludes 
and summarizes th is chapter. 
3.2 Comple te Cha ra cte rization of EO-STBCs 
3.2.1 System Model 
A closed- loop communication system with one receive antenna is eon-
sidered . T he block diagram of the baseband representat ion of this sys-
tem with fo ur transmi t antennas and one receive an tenna is depicted 
in Fig.3.1 , which represents a mul tiple-input and single-outpu t (M!SO) 
system. T he CS! is assumed to be est imated without error at t he re-
celver. 
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3.2.2 Code Construction 
Starting with the well known Alamout i Bcheme [4J for N,. = 2 transmit 
antennas as the building block denoted by the code matrix 
(3.2.1) 
where the first column corresponds to the symbols transmitted from t he 
firBt antenna over two t ime intervals t, and t2 and the second column 
is likewise for the second antenna. 
A direct extension of Alamouti 's scheme for four antennas would be 
in the form of 
(3.2.2) 
which is termed the extended-orthogonal STBC (EO-STBC) code 
matrix as in [42J. The normalization pa.rameter E is a constant value 
E = 1/ 2. Similar structures having the Same properties designed by 
Akhtar and Gesbert can be found in [29J. T he row index corresponds 
to the temporal dimension, whereas the column index corresponds to 
the spatia l dimension. That is at each time slot t, [CJ"" is transmitted 
from the n-th transmit antenna. 
For the sake of simplicity and without loss of generali ty, it is as-
sumed that there is one receive antenna, the received signals at the 
first and second signalling intervals denoted T, and "2 are 
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1 
,', = 2[h,.'t, + h2x, + h3X2 + h,IX2] + nl 
r2 = ~ l- hI X; - h2X; + h,3 X; + h,x;] + n 2 
(3.2.3) 
\Vhere the frequency- fl a t fading channel coeffi cients h" , 71 = 1, ... , 4 
are assumed to be independent zero-mean complex Gauss ian random 
variab les \Vith variance 1/ 2 per real dimension and constant over two 
time intervals, moreover the noise terms n" t = 1. 2 are assumed 
to be independent zero-mean circularly symmetric complex Gaussian 
random vari ab le:; with var iance No/ 2 per real dimension. Pu tti ng 
Equation(3.2.3) into matrix notation, the received signals at t he an-
tenna over a t ransmission block symbol period , two time interva ls, are 
stacked into a 2 x 1 vector r as follow:; 
r = [ rj 1 
,.-
2 
[ 
11.1 + h2 
hj + h~ 
h3 +h,l ] 
-h~ - h2 
r = Hx + n 
(3.2.4) 
(3.2.5) 
In closed- loop operation, the channel is assu med to be constant (or 
at least does not change significantly) for a sufficiently long period so 
that the feed back information obtained from the previous EO-STBC 
transmission block is still valid for the current one. As such feedback 
might require stationarity of the channel over several blocks depending 
upon the system, a slow fad ing scenario is therefore considered in this 
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chapter which is appropriate for feedback schemes. More detai ls of the 
feedback scheme are given in the next section. 
3.2.3 Channel-Matched Filtering 
I t is well-known from estimat ion theory that the matched filter is the 
opti mum front-cnd receiver to obtain suffi cient statistics for detection 
in the sense that it preserves information (i n other words , matched 
fi lteri ng is an information lossless process). Simi lar to [4], [371 and [441 
the matched filtering is performed by pre-multiplying (3.2.5) by H II 
where (.)11 denotes Hermi t ian transpose, 
H II r = H IIH x + H II n (3.2.6) 
r",/ = .6.x + nm! (3 .2.7) 
w!tere the 2 x 2 matrix ~ can be obtai ned as fo llows 
where 
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(3.2.12) 
and ~{.} denotes the real part of a complex number. It is clear that 
the H matrix of the EO-STl3e is a scaled orthogonal matrix in the 
sense that H"H is diagona l, which indicat.es that the code can be 
decoded with a simple receiver. In particular , with linear processing, 
the detected signa ls XI and X2 can be obta ined as 
[
XI I [ XI] [ (h; + h;)nl + (h3 + h'l)n; ] 
X2 = ~ X2 + (11,; + h;' )nl - (hi + h2)ni (3 .2 .13) 
Although the decoding complexity is low, the fJ term may be nega-
tive which leads to some di versity loss. In order to achieve full diversity, 
two feedback bits can be used to rotate the phases of the signals for 
certain antennas to ensure that fJ is positive duri ng the transmission 
block. The proposed feedback schemes are explained in the following 
section . 
Remark 3 .1 It is worth pointing o'ut that the presented EO-STBC has 
advantages over other STBCs for four tmnsmit antennas. Firstly, a 
single RF chain can be adopted for two transmit antennas that tmnsmit 
the filot two columns or the last two columns of EO-STBC, since EO-
SI' BC has the same first two columns and the last two columns. In 
addition, full -rate is achieved as two symbols are tmnsmitted over two 
time slots. 
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3.3 Enhancement by Signal Phase Rotation 
Assume that channel state in fo rmation is avai lable at the EO-STBC 
transmi tter through feed back fro m the receiver. Then it is possible to 
force the "f] term" to be positive and maxi mum magni tude by rotating 
the s ignals from the fi rst and third antennas prior to t ransmission, 
while the other two arc kept unchanged as seen in Figure 3.1, where 
the rotation is defined by the followi ng phasors 
(3.3. 1 ) 
T he phase rotation on the transmi tted symbols is importantly ef-
Fecti vcly equ ivalent to rotaLi ng t he phases of the corresponding channel 
coeffi cients. Since the channel is assumed to be constant over a trans-
mission block, the phase rotations for antenna onc and three essentially 
res ult in a new set of chan nel coefficients. 
(3 .3.2) 
Hence the received signal becomes 
(3.3.3) 
where h, ancl h3 represent V," , a ncl V2h3 , respectively. Furtherrnore, 
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the new ~ matrix can be calculated as 
(3 .3.4 ) 
From (3 .3.3) and (3.3.4), the decision vector X = [XI ,X2f1" with the 
receive vector R = h , TilT can be calculated as 
X = f1"R = (IUd2lhd2 + Ih212 + IU2121h312 + Ih,d2 
+ 21R(Ulhlh;) 21R(U2h3 h~ ) ) X + V (3 .3.5) 
- I-I -
where V = H N is a noise component. 
Now let 
4 
Qc = 2: Ih;j2 (3 .3.6) 
i= ] 
which Qc corresponds to the conventional diversity gain for the four 
transmit and one receive antenna case. T he feedback performan cc gai n 
IS 
(3.3.7) 
which changes with the defined values UI = e:i0' and U2 = ej O" which 
are determined by two feedback information angles, 91 and O2 . If the 
feedback gain (3' is positive, it corresponds to a type of array gain. The 
phase clement e:i0k , (k = 1, 2) will introduce a phase change which as 
in beamfonning [411 will steer the energy in a certain d irection which 
gives directivity and thereby chooses the direction that bes t matches 
the channeL Therefore, as will be confi rmed by simulation the average 
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bit error performance will be improved improved at the expense of 
increased feedback overhead. Moreover , the SNU a t the receiver ca.n 
be ca lculated as follows: 
et + (3' 
,= --'a 4 (3.3.8) 
where 10 = E .. /No is the SNI1 without diversity It is obvious that if 
(3' > 0, the designed closed-loop system can obtai n additional perfor-
mance gwn, which leads to an improved SNU at the receiver. Accord-
ing to the above analysis, the design cri terion of the two-bit feed back 
scheme can be proposed. That is, each clement of the feedback perfor-
mance gain in (3 .3.7) should be real and pos itive which can be achieved 
by: 
01 = -L(h1 hi) 
O2 = -L(h3h;) (3.3 .9) 
Observation 3 .1 The tmnsformation in (3.3.2) does not affect the 
received path gain due to the unity magnitude of the complex phase 
terms. 
3.4 Reduction of Channel State Information (CSI) 
Due to practical limitations such as the bandwidth of the feedback 
channel, it is in generally not possible to have high precision CS) at the 
transmitter. One way to reduce the amount of information neede I to 
be fed back is to rotate the signals at the first and third antennas by a 
single phase. Another pract ical way is to quantize the feedback phase 
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information acco rding to the number of feedback bits available 145] 146]. 
In the following subsections, both methods are investigated. 
3.4.1 Single-Phase Rotation 
Without loss of generali ty, assume that first ancl third antenna signals 
are rotated with a single phasor d O and the rotation angle is selected 
from a range 0 E 10, 211']. T he new overa ll channel gain in this case can 
be wri tten as 
" 9 = L Jh.[2 + 2~{{hlh~ + h3h~)dO} (3.4.1 ) 
·i= ] 
In this case, the transmitter needs to have knowledge of a single 
phase. Therefore, 0 is determined as 
(3.4.2) 
However, the gain of this scheme would generally be less , which foll ow ' 
from the triangle inequality: 
(3.4.3) 
3.4.2 Quantization 
Equations (3.3.9) for dual phase, and (3.4.2) for common phase cases 
define the angle values with infin ite precision. However, feeding back 
the exact value of the phase angle with, for example, fixed or floati ng 
point resolution requires very large feedback overhead. In a practical 
application this may not be possible due to the very limited feedback 
bandwidth. Therefore, the phase angles should be quantized , and then 
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these levels are fed back to the transmi tter. Suppose, fo r each phase 
angle, if two bits are avai lable for feedback as faci li tated in UT/vIS stan-
dard [47], then only one of four phase level angles is fed back sllch that 
the phase angles are from the set {8" 8 2 E D = [0, 7r / 2, 7r , 31l-j2]} then 
for t he first antenna phase adj ustment , the discrete feedback inform a-
tion corresponding to thc phascs may be selected accordi ng to 
(3.4 .4) 
Similarly, fo r the th ird an tenna phase adj ustmen t, the phases may 
be selected accord i ng to 
(3.4.5) 
In this case the particular selection giving the largest values of 
(3.4.4) and (3.4.5) may be preferable, as it would provide the largest 
ar ray gain and achieve ful l diversity advantage. This idea can also be 
app lied to (3 .4.2) . 
Observation 3.2 When a phase angle is not quantized and when both 
the fir·st and third antenna Signals are mtated using the phase angles, 
I.his scheme can be considered as combined beamJormer and STBC (48J, 
where the pairs oJ first and second antennas and third and Jorth an-
tennas are used as beamJonners. AI/oreover, when the phase angles are 
quantized to only two levels (0, 7r), this scheme is Teduced to the scheme 
pmposed in (42}. Hence, the pro1JOsed scheme is expected to perJonn be-
tween the scheme in (42J and the combined beamJ07mer and STBG. 
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Up to now, the receiver was a llowed to have an arbi trary number of 
receive an tennas. However, multiple receive antennas a lso mean multi-
ple RF chains. But in some cases it lTlay be impractical or even unde-
sirable to have mul tiple RF chains at the receiver , which is discussed 
in the following section . 
3.5 Receive Ante nna Selection for Closed-Loop EO-STBC 
It is widely known that in lvllMO systems with uncorrelated channels 
the capacity increases linearly with the minimum num ber of t ransmit 
and receive antennas min(N,., N,.). However, multiple antenna deploy-
ment at a mobile handset requi res multiple RF chai ns (analog-digital 
converters, low noise amplifiers, and down converters), which is unde-
sired in systems where the handsets arc intended to remain s im ple and 
inexpensive. In order to reduce the natural draw back of MliVro sys-
tems, such as hardware cost and increased complex ity, antenna selection 
(AS) was proposed [49[ [50[ [51[ [52[ [53[. For example, by applying RF-
based antenna selection at the receiver, only the signal of one out of 
iV,. possible receive antennas (in the case of single antenna selection) is 
fed to the RF chain according to a given selection criterion as shown 
in Fig.3 .2. In this sec tion , receive antenna selection is exploited and its 
impact upon the proposed closed-loop EO-STBC scheme is analyzed. 
3.5.1 Impact of AS on the system model 
Si milar to the system model descri ption in Section 3.2.1 , a systern with 
iV, transmit antennas is considered. Si nce there is only one RP chain 
at the receiver , the method is constrained to use only one out of N,. 
receive antennas . The receive antenna i , (i E {I " " ,N,.}) in use is 
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Figure 3.2. Block diagram of a ~i ng l e receive antenna selection. 
determined accord ing to an AS criterion applied at the receiver. T he 
:;ystem model for each receive antenna is then defined by 
r i = H ,i X i. + n i (3 .5.1) 
where r i is the receive vector at receive antenna i over two time slots , 
Hi is the channel matrix as in (3.2.4) between the mu lt iple transm it 
antennas and receive antenna i , and ni is the complex zero mean white 
Gau:;sian noise (AWGN) vector at receive antenna i. 
3.5.2 Selection Criterion (Se) 
In the conventional receive antenna selection for orthogonal-STBC (0-
STBC) with full diversity, the receiver computes SNRs for every receive 
antenna and selects the one with the highest SNR [54]. For the QO-
STBC, the optimum cri terion was proposed to trade off the maximiza-
t ion of the channel gain with a ma.ximization of the channel dependent 
interference parameter when a ZF decoder was considered [43]. Here, 
EO-STBC is one of the possible non-orthogonal STBCs. From all avail-
able N, receive antennas, the antenna in use is detennined according 
to the following selection procedure 
Section 3.5. Receive Antenna Selection for Closed-Loop EO-STBC 55 
• Calculate Re(hl ,ih; .J and Re(h3,J,;','), i = 1, ·· . N" where N,. is 
the number of receive antennas. Use (3.3.9) to obtain different 
feedback bits for every receive antenna. 
• Calculate the corresponding values UI '; and U2.i accordi ng to the 
feedback information at the receiver . 
• Calculate the channel gain 9;., using (3.4 .1) to obtain t he 'Yi, i = 
1. ... N" for each receive anten na. 
• According to the highest receiver SNR, select the corresponding 
receive antenna. At the same time, the receiver sends two feed-
back bits to the transmitter. 
In this approach , the first and second steps ensure that the values 
of 9i are positive, i = 1, ··· N, .. The last step selects the desired re-
ceive antenna based on the EO-STBC with full divers ity and uses it for 
decod ing. 
As shown in [24), picking the s ignal is equiva lent to choos ing the 
corresponding antenna among a ll receive antennas. Assuming Nr copies 
of the t ransmitted signal, for example through Nr receive antennas. If 
the fading is Rayleigh, the random variable "fm' the SNR of the ?nth 
antenna, follows an exponential distribution. The pdf (pdf) of "fm. for 
m = 1, 2, ... , Nr is given by 
"f > 0, (3.5.2) 
E bm] is the average SNR of the ?nth receive signal. Assuming a ll 
receive signals have the same average SNR, that is E b",] = A. Then, 
the cumulative distribution function (CDF)) of the ?nth receive SNR is 
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given by 
1n= 1,2" " l lV1" (3.5.3) 
Since different receive signals arc independent from each other. the 
probability that all of them have an SI R smaller than 1 is 
(3.5.4) 
On the other hand, t he probability that at least onc receive signal 
achieves an SNR greater than 1, denoted by PN ,.(,() , is 
(3.5.5 ) 
The corresponding pdj is 
(3.5.6) 
Therefore , the average SNR at the output of the selection combiner, "'I, 
is 
(3.5.7) 
Consequentl y, without increasing the transmission power , selection com-
bining offers L:~~l ;!, t imes improvement in the average SNR. This is 
less thru1 the maximum improvement ratio of 11', . Therefore selection 
combining does not offer 311 optimal spatial diversity gain and as a 
result an optimal performance enhancement . However , its complexity 
is low since it only requires one RP chai n. In other words, selec lion 
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combining provides a trade-off between performance and complexity. 
3.6 Ml Decoding 
Assuming that the path gains from the four t ransmit antennas to the 
receive antcnna(s) are h = [h " h2 , "3, 11,') and arc quasi-static so that 
the path gains are constant over a fr ame of length T = 2 symbols and 
vary from frame to anot her. T hen, the received signal T, at timc t , is 
given by 
" 
Tt = L hnC,.n + 11,11 
Il = J 
(3.6.1) 
", I,cre C , .. ,,, 11. = 1, ... , N,. is the signal transmitted at time slot t frol11 
JV,. transmit antenna and TI. , is the noisc sample of the receive antenna 
at tirnet. Based on t he model in Equation (3.6.1), the decoder receives 
signals "1 and "·2 at t imcs onc and two , respcctively, such that 
1 
,., = 2[h,x, + h2x, + h3X2 + h"X2] + 11., 
1 
"2 = 2[- h, X2 - h2X; + h3X; + h"x;] + 11.2 (3.6.2) 
Arranging (3.6.2) into matrix form , the received signal over a trans-
mission block of two symbol periods are stacked into a 2 x 1 vector 
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h, 
[ 
T, I [ s, 
Ti -si 
S, :; :; ] ~ +[:; ] (3 .6.3) 
h4 
For a coherent detection scheme where the receiver knows the chan-
nel path gains h = [hi, h2 , h:l , h,d, the maximum- likelihood detection 
fo r EO-STBC amounts to minimizing the decision metric 
2 
" 
2 
M=L 1'/ - L h" Cr .'fI (3 .6.4) 
/ = 1 '11 = 1 
over all possible transmitted symbols. Where C is the estimated t rans-
mi tted matrix (which is derived by replacing .'t ,. by SI) in (3.2 .2) , as-
suming that C is trans mi tted . 
Simple algebraic manipulation shows that the ML decoding amoun t,; 
to minimizi ng the followi ng: 
" Ids,.,j, SI,2) = (is,,112 + ISI,21 2) (~ l hnI2) 
- 2Re{ (T; h, + Tlh2 + T2 h~ + 1·2h4 )s" , 
(3.6.5) 
It is clear that there is no cross-term , therefore, the ML decod ing re-
sui ts in minimizing 112(SI,I, SI,2) over all possible values of S',I and S',2 
and it can be writ ten 112(SI,I,SI,2) = f l(s" I) + 12(s,,2) · Since, symbols 
S'.,I and 51,2 can be decoded eparately, thereby reducing the decodi ng 
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Figure 3.3. Comparison of average BER performance of t he new 
scheme using ideal feedback channel informat ion (infinite resolu tion) 
with four transmi t and one receive antennas. 
complexity to a linear function of the number of transmitted symbols. 
3.7 Simulation and Results 
In this section, t he simulation of the algorithms developed in this chap-
ter are carried out. The channel coefficients are modelled as circula rly 
symmetric complex valued i.i.d . Gaussian random values with zero 
mean and unit variance. 
In Figure 3.3, the average BER performance of the proposed c1osed-
loop EO-STBC for four transmit antennas is shown. Only one ante!U1a 
at the receiver is considered , but this technique can be extended to mul-
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Figure 3.4. Comparison of the average BEll perform ance of the new 
scheme using quantized channel information with four transmit and one 
recei ve an ten n as. 
tiple receive antennas . The simulation is carried out over 105 channel 
realizations. The x-axis shows tbe SNll in dB and the y-axis shows the 
BEll. In order to evaluate the BEll performance, quasi-static Rat fad-
ing channels have considered. The BEll performance of the proposed 
phase angle feedback scheme was compared with the previous closed-
loop EO-STBC [42J using quadrature phase-shift keyi ng constellation 
(QPSK) symbols. 
The results depicted in Figure 3.3 demonstrate that the phase rota-
tion without quantization method significantly improves the BEll per-
formance over the previous closed-loop EO-STBC scheme. At a symbol 
error probabili ty of 10- 3 , the proposed scheme provides about one dB 
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improvement. T he figure also provides a comparison of the proposed 
scheme with closed-loop QO-STBC [38], where it is clear tha t the pro-
posed scheme outperforms closed-loop QO-STBC. This is because in 
QO-STBC there is only diversity gain and no array gai n, but in the 
proposed closed loop EO-STBC there is both diversity gain of order 
four and array gain. \~lhil e both diversity gain and array gai n improve 
system performance (decreases error rate) , the nat ure of these gains arc 
very different. Di versity gain manifests itself in increasing the magni-
tude of the asymptotic slope of the BER curve , while array gain shifts 
the error rate curve to the left. 
The simulat ion result of a practical scenar io of a quantization method 
is depicted in Fig.3.4. The performance of the quantized method is very 
close to the performance of the un-quant ized scheme (ideal phase ro-
tation method), but still significantly better t han that of the previous 
closed loop scheme. For the quantized method, it is seen that the pro-
posed scheme outperforms the previous closed loop EO-STBC with 0.75 
dB at BER = 10-3 . 
Fig.3.5 shows the simulation results based on the proposed receive 
antenna selection criterion for four transm it antennas. Diversity order 
increases with the number of avai lable receive antennas and additiona l 
array gain is achieved with each additional receive a.ntenna. Simu la-
tion resul ts for fou r transmit antennas and up to four receive aJltcnnas 
indicate that when the BER is 10- 4 , array gains of up to 5.9 dB are ob-
tained over closed- loop EO-STBCs without receive anterula selection. 
However, the add itional array gain becomes smaller when the number 
of receive antennas increases fur ther. For instance, in Fig. 3.5, at a 
BER = 10-" , increasing the number o[ the receive a.ntennas from one 
Section 3.7. Simulation and Results 
10' r~~~~r~~~~=='::=='========';l 
 Eo-STBC (4 Tx. 1 Rx) 
10 ' 
o 
'Proposed receive 
anlema seledion 
2 4 
~ Proposed dosed-loop EO-STBC (4 Tx. 1 Rx) 
-- 1 012 receive antennas for previous dosed-loop EO-STBC 135 
-+-- I of 2 receive antennas for dosed-loop EO-STBC 
-- I 013 rcccfvc antmnas Ior dosed-loop EO-STBC 
-- I of 4 receive antennas for doscxHoop EO-STBC 
6 6 10 12 
" 
16 18 20 
SNR,[dBJ 
62 
F igure 3.5. Comparison of average BEll performance of closed-loop 
EO-STBCs with antenna selection for 4Tx. 
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to two , SNR gain of about '. dB is ach ieved , whereas only an addi t ional 
gain of 1 dB and 0.75 are obtained in the case that one receive antenna 
is selected out of three and out of four receive antennas respectively. It 
is worth noting that in Figure 3.5, comparing the receive antenna selec-
t ion for closed EO-STBCs wi th that for EO-STI3Cs without feedback, 
the code based on our proposed antenna selection scheme can yield 4 
dB gain when BER is 10- " . This can obtain a good t rade off between 
the implementation complexity and the system performance. 
3.B Chapter Summary 
In thi s chapter certain representa tive classes of coherent STBCs for use 
in enhancing error performance of mul ti-antenna t ransmission systems 
over frequency-flat fading channels have been considered. A system 
with four transmi t antennas is considered in pm'ticular. The four t rans-
mit antennas are selectively divided into two groups. Alamouti code is 
then applied on top of t he groups as if each was a single antenna. This 
system was analyzed , which is termed as an extended-orthogonal space 
t ime block code (EO-STBC), and it is shown how it compares to other 
space-time block codes. In particular , the average bit error rate perfor-
mance of this scheme is evaluated and compared by simulation with the 
conventional Almnouti code and quasi-orthogonal schemes. Moreover , 
EO-STBC systems jointly opt imize the design of transmit-d iversity, 
code rate and array gain. They improve the error rate performance of 
the system by provid ing both diversity gain and array gain. 
Much of the exist ing work in space-time cod ing concentrates on 
slow or quas i-static, frequency-flat fadi ng channels. This assumption is 
relevant to narrowbmld communications with low mobili ty in rich scat-
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ter ing environments. However, it is not representative of the chan nels 
applicable to broaclbancl wireless access , a technology that is becoming 
increas ingly important in years to come. The broad band fi xed wireless 
access channel is a slow, frequency selective fading channel, which may 
experience medium to high spatial correlat ion, depend ing on the ap-
plications being considered. Al though spatial correlation red uce:; the 
achievable capacity, its frequency selectivity provides addi tional diver-
sity wh ich can be exploited to improve the performance of a system 
communicating over this chan nel. T his issue is beyond the scope of 
this thesis. The interested reader is therefore referred to 123J and ref-
erences therein. 
Chapter 4 
MIMO-OFDM SYSTEMS 
The design of limited feedback MIMO-OFDM systems represents a non-
trivial problem, with potentia.1 for substanti al gains. In t his chapter , 
the area of limited feedback MIMO-OFDlvl sy"tems is investigated. 
4 .1 Introduction 
rVlultiple antennas, when used at both the transmitter and the receiver , 
create a mu ltiple-inpu t mu ltiple-outpu t (i\iIlMO) propagation channel. 
Current research efforts demonstrate that MIMO technology has great 
potential to improve link reliabili ty and increase capacity in wireless 
communicat ions [55,56]. Optimizing lVlIMO networks using channel 
state information (CSI) at the transmi tter, referred to as closed-loop 
MIJVIO communication, can help to customize the transmitted signals 
to improve error performance, enhance data rate and exploit spa.tial 
diversity. The channel state information can be obtained for t he trans-
mi tter t lu'ough a separate feedback channel from the receiver. 
To enhance t he data rate fo r broad band communications, the com-
bination of lVlIMO systems with orthogonal frequency division mult i-
plexing (OFDM) technology is regarded as a promising candidate for 
next genera tion fixed and mobile wireless systems [57] [56] [58] [591. 
OFDM turns a frequency selective channel into a set of parallel fl at 
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subchannels using an orthogonal transformation , which signifi cantly 
reduces the receiver complexity. 
In this chapter, M1MO-OFDM for wireless LA N is inveBtigated for 
the proposed Bcheme. For a slow va rying wireless channel such as in-
door channels, partial channel information can be obtained through a 
feedback channel. T he correlation among the feedback terms for the 
subcarr ier are exploited to reduce the feed back overhead signi ficantly. 
T hen, the performance of MIMO-OFDM systems can be improved sub-
stanti a lly by exploiting such chan nel information at the transmi tter. 
Although various schemes have been proposed for Ml lvIO-O FDM sys-
tcms to exploit spatial-frequency diversity [60] [61], the goal of this 
chapter is to min imize thc bit error rate wi th a fcw bits of feedback 
information. 
4.2 Orthogonal Frequency Division Multiplexi ng 
4.2.1 Background 
OFDM is becoming a very popu lar mul ti-carrier modulation techn ique 
for transmission of signals over wireless chaJ1l1eIs. It converts a frequency-
selective fading channel into a collection of parallel frequency Rat fad-
ing sub-cha.nnels, which greatly simplifies the structure of thc receiver. 
Thc time domai n waveform of the sub-carriers are orthogonal (sub-
channel and sub carrier wi ll be used interchangeably hereinafter), yet 
the signal spectra correBponding to different sub-carriers overl ap in fre-
quency domain. Hence, the available bandwidth is ut ilized very ef-
fi cient ly in OFDM systems without causing in ter-ca.rrier interference 
(le l ). By combining multiple low-data-rate sub-carri ers, OFDM sys-
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tems can provide a composite high-data- rate with a long symbol dura-
t ion. That helps to eliminate inter-symbol in terference (ISI), which of-
ten occurs along with signals of a short symbol duration in a mul tipath 
channel. The following list shows its ad vantages and disadvantages as 
fo llows [62]. 
Advan tage of OFDM systems a r e: 
• High spectral effi ciency 
• Simple implementation by FFT (fast Fourier transform); 
• Low receiver complex ity; 
• Robustness fo r high-cl fl.ta- ratc tra.nsmission over multipath fad ing 
channel 
• High flex ibi li ty in terms of link a.daptation; 
• Low complexity mult iple acces, schemes such as orthogonal fre-
quency division mul ti ple access . 
D isadvantages of OFDM systems a r e : 
• Sensiti ve to frequency offsets, timing errors and phase noise; 
• Relatively higher peak-to-average power ratio compared to single 
carrier system, which tends to reduce the power effi ciency of the 
RP amplifier. 
4. 2. 2 OFDM Principle 
The principle of OFDlvl is to divide a single high-data- rate stream into 
a number of lower rate strea.ms that are transmi tted simultaneously 
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over some narrow subchanncIs. Before mathematically describing the 
transmitter-channel-receiver structure of OFDM systems, a couple of 
graphical exemplars will mal,c it much easier to understand how OFDM 
works . OFDM starts with the "0 " , i.e. , orthogonal. That orthogonality 
differentiates OFDiVl fram convent ional frequency-d ivision multiplcxing 
(FDM) and is the source where all the advantages of OFDM . The dif-
ference bet.ween OFDM and conventional FDM is illustrated in Fig. 
4.1. 
ch1 ch2 ch3 ch4 chS 
(a) Frequency 
~L ______ S'_.~ __ " _'~_'~_._h _______ ,~ ______ ,~ 
(b) Frequency 
F igure 4.1. Spectra of a convention FDM symbol and an OFDM 
symbol. 
It can be seen from Fig. 4.1 , in order to implement the conven-
tional parallel data transmission by FDM, a guard band must. be in-
traduced between the different carriers to el iminate the inter-channel 
interference. T his leads to an ineffi cient use of the rare and expensive 
spectrum resource. To realize the overlapping multi-carrier technique, 
however it is necessary to get rid of the Ie I, which means that perfect 
orthogonali ty between the different modulated carriers is needed. The 
word "orthogonality" implies that there is a precise mathematical re-
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lationship between the frequencies of the individual subcarriers in the 
system . In OFDlVl systems, assume that the OFDlVl symbol period is 
'1~ym, then the minimum subcarrier spacing is l/'1~ym' From this strict 
mathematical constraint , the integration of the product of the received 
signal and anyone of the subcarriers f,,,b over one symbol period T,ym 
will ext ract only that subcarrier f,,,/,, bccause the integration of the 
product of f ,,,b and any other sub carriers over T~y", results in zero. 
That indicates no Ie I in the OFDlVl system while ach ieving almost 
50% bandwidth savings. 
Tt is worth noting that OFD IVI achieves frequency-d ivision multi-
plcxing by baseband processing rather than by band pass fil tering . In-
deed , as shown in Fig. 4.2 , an individual spect rum has a sine shape. 
Even though thcy are not bandlimited , each subcarrier can still be 
separated from the others since orthogonali ty guarantees that the in-
terfering sincs have nulls at the frequency where the si nc of interest 
has a peak. T his of course requires perfect synchronization within the 
OFDlVl system . 
T he use of an inverse discrete Fourier transform (IDFT) , instead 
of local oscillators , was an important breal(through in the history of 
OFDlVl. It is an imperat ive part of an OFDlVl system today. It trans-
forms the data from the frequency domain to the t ime domain. When 
the DFT of a t ime domain signal is computed , the fr equency domain 
results are a fu nction of the sampling period T and the number of sam-
ple points N. The fundamental frequency of the DFT is equal to NIT 
(l /total sample ti me) . Each frequency represented in the DFT is an in-
teger multiple of the fundam enta l frequency. The maximum frequency 
tha t Can be represented by a t ime domain signal sampled at rate t. is 
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Figure 4.2. Spectra of an OFOM symbol and the orthogonality prin-
ciple. 
f;",,,· = 2~ as given by t he Nyquist. sampling theorem. This frequency 
is located in the centcr of the output poin ts from the OFT. The 10FT 
performs exactly the opposite operation to the OFT. It takes a signal 
defined by frequency components and converts them to a time domain 
signal. T he t ime duration of the 10FT time signal is equal to NT. 
In essence, 10FT and OFT is a rcversable pair. It is not necessary to 
require that 10FT be used in the transmitter side. It is perfec tly val id 
to use the OFT at the transmitter ami then to use the 10FT at the 
recei ver side. 
4.3 System Model 
As shown in Fig. (4.3) , the input serial binary data wi ll be processed by 
a data s rambler first and th n channel coding is applied to the input 
data to improve the bit error rate (BER) performance of the system. 
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T he encoded data stream is fur ther in terleaved to reduce the burs t sym-
bol error rate. Then , the signal is modulated using quadrature phase 
shift keying (QPSI<), al though different base modu lation such as bina ry 
phase shift keying (BPSK ), quadrature amplitude modulation (QAM) 
can be used adaptively to boost the data rate accord ing to the channel 
condi t ion, such as when affec ted by fading. The modulation mode can 
be changed even during the transmission of data frames . However , the 
adaptation method is not considered in this chapter. Then extended -
orthogonal space- frequency block code (EO-SFBC) can directly be con-
ca.tenated to further exploit spatia.! divers ity and array gain. T he coded 
data is divided into M'/' substreams with each substream forming ~Ln 
OFDM block which is transm itted through one transmi t antenna. To 
eliminate the ISI completely, a cyclic prefix (CP) is introduced for each 
OFDM symbol and the length of CP, Ng , must be chosen longer than 
the experienced delay spread , L, i. e., Ng 2: L (4.4) . The orthogonality 
of the subcarriers is main tained by C P, elimillating the ICI and ISI 
caused by the time dispersion of the channel. 
The obtained OFDM symbol (including the CP) , must be con-
verted to the analogue domain by a digital- to-analog converter (DAC) 
and then up-converted for RF transmission since it is currently not 
practical to generate the OFDM symbol directly at RF rates. To re-
main in the cliscrete-time domain , the OFDM symbol could be up-
sampled ,probably with filtering, at a discrete carrier frequency. Extra 
fil tering could be used to fur ther bancl-limit the OFDM signal. T his 
carrier could be an IF (intermediate frequency) whose sample rate is 
hand led by current technology. It could then be converted to analog 
and increased to the final transmit fT equency using ana log frequency 
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Transm itter 
R eceiver 
Channel estimation 
Figure 4 .3. Block diagram of a baseband OFDM transceiver. 
conversion methods. Alternatively, the OFDM modulation could be 
immediately converted to analog and directly increased to t he desired 
RF transmit frequency. Either way has its advantages and disadvan-
tages. Cost, power consump tion and complexity must be taken into 
consideration [or t he selected technique. 
N 
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Figure 4.4 . Cycli c prefix concept. 
The RP signal is transmi tted over the air. For the wireless channel, 
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it is assumed in this t hes is as a quasi-static frequency-selecti ve Rayleigh 
fading channel [631· It indicates that the channel remains constant 
during the transmission of onc OFDM symbol. Each channel between 
transmit i and receive antenna .i is ass umed to have L independcnt 
channel taps and the channel impulse response vector in discrete t ime 
is given by [h,;(O), h,;(1), . .. . hij( L - 1)1. It is assumed that all t he 
channels have the same power-delay profile. The channel frequency 
response a t the n-th frequency subcarrier for a IV[J MO-OFDM system 
can be exprcssed as 
1 .. - 1 
Hij(n) = L hij(l)e- j2rrli!; , n = 0, 1, ··· , N - 1, (4.3.1) 
1= 0 
where hij (l) is t he l- th tap cha nnel impulse response \\~th zero mean 
complex Gaussian random vari able wit h vari ance of a[. For normal-
ization purposes, it is assumed that L;/:~' al = 1. At the receiver, the 
received signals at multiple receive antennas are decoded using channel 
state informat ion obtained through a t raining-based estimator. Con-
sicler four transmi t one )'eceive a ntenn as this can be mathematically 
ex pressed as 
Nt = 4 
rAn) = L H,;(n)xi(n) + N;(n), n = 0, 1" " , N - 1. (4,3,2) 
i = l 
where Hij(n) is the frequency respon 'e of the channel at the n-tlt fre-
quency subcarrier. The N j(n) is a circul arly symmetri c zero-mean 
Gaussian noise term correspond ing to the n-th frequency subca rrier. 
To expand this channel model to an EO-SFBC scheme [or 4 transmit 
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antennas, the 2 x 4 orthogonal design [20) wi t h symbol rate 1 is used 
to construct a space- frequency codeword represented by 
[ 
·7:0[0) .7:0[0) xdO] xdO) 1 X SF = 
- xi [1) -~; i[ l ) ·7:0[1) xo[ l ) 
( 4.3.3) 
where t he vertical axis corresponds to the spatial dimension and the 
horizontal axis corresponds to the frequency dimension and x.[n) de-
notes the symbol X i i = 1, ··· , iV, which is t ransmi tted on the nth 
frequency. The space-frequency coded symbols are modulated by in-
verse fast Fomier t ransform (IF FT ) in to OFDM symbols. After add ing 
a cyclic prefix in order to remove the in ter symbol interference (ISl) 
which is caused by thc mu ltipath delay of the channel, the OFDlVl 
symbols are transmi tted. After removing the cycl ic prefix and apply-
ing FFT on frequency to nes, the received signal at receive antenna l 
can be expressed as 
Yl [0) = Ho,dO)xo + H, ,I [O)xo + H2,dO)X I + H3,I[O)X] + ndO) 
Yd 1) = - HO,I[l )x; + H' ,l[l )xi + H2 ,d 1)x~ + 1-I3,d 1 ]x~ + ndll 
(4.3.4) 
By taki ng the complex conjugate of the second line of (4 .3.4) , the trruls-
formed equivalent received signal vector Yl = [Yl[O], yt[llf for reCClve 
antenna l can be rewritten in matrix vector form as 
(4.3 .5) 
where x = [.7:0, XIF' is the iV x 1 transmitted channel symbol vector, 
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n l == [ndO], ni[0J] is the equi va lent noise component, and H I is defined 
as 
(4 .3.6) 
By collect ing the received signal and noise w mponents correspond-
ing to different receive antennas as y == [y;j. .... yL,] and n == [nr ·· . . nLJ 
the equi valent received signal can be expressed as 
y = Hx + n (4.3. 7) 
where t he ma trix H is the equivalent cha nnel rnatrix defined as 
Ho 
H = (4.3.8) 
Assuming only one receive antenna for simplicity (/ = 1 in Equation 
(4.3.6)), t he matched fi ltering is performed by premui t ipiying by H /I 
in each subcaJTier, as follows: 
R "'I = A (n) x + n 
where 
H [ f (n) + A(n) 0 1 A = H H = 
o f (n) + A(n) 
(4.3.10) 
where r[nJ = L:~o I Hi[nW a nd A[nJ = 2~{Ho[nJHnnJ + H2 [nJHj[n]}. 
As shown above t his is an orthogonal block code, all t he ofr-diagona l 
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term of 6 = HII [nJ H [nJ wi ll be zero. It is thus rea.~onable to expect 
the proposed EO-SFBC for OFD Tvf transmi t diversity system to achieve 
high diversity. However , t he foctor A[nJ as shown in Equation (4 .3.10) 
may reduce the performance of the scheme. In ordcr to achieve rna.""-
imum performance , i.e. high diversity and some array gain , it will be 
shown in thc sequel that A (n) will be made maximum by processing 
the signal at the tra nsmitter . 
4.4 Transmission with Channel Feedback 
When the transmitter does not have any knowledge of the channel stitte 
information , the signal transm iss ion will be independent of the channel 
inform ation. However , if either fnll or pa rt ial cha nnel information is 
available at the transmitter, both di versity gain and/ or array gain can 
be obtained by exp loiting the cha nnel state information with low com-
plex ity. It has been proved that the capacity and systcm performance 
of a Ml il lO system can be substant ially improved if partial channel 
state in formation is available at the transmitter [11J [64J. 
T he channel knowledge can be obtained through feedback fro m the 
receiver to the transmitter. In practice , assumption of the fu ll chan-
nel information at t he transmi tter appears to be unrealistic in most 
sit uations because only limited feedback overhead is allowed . 
Each data symbol in the data frames Xi , i = 1" " , 4 experiences 
different interference terms. Therefore, each carrier needs to be rotated 
by di ffe rent phasors. As it was demonstrated in Section (3.2), phase 
rotat ion of two antennas for each subchannel is adequate to attain full 
diversity and some array gain . Hence, without loss of generality, it is 
assumed the signal from the fi rs t and third antennas are rotated. 
Section 4.4. Transmission with Channel Feedback 77 
Observing that A [nl = 21R{ HI [nI H;[nl+ H3[nI H,;[nj} , n = 1,'" ,N 
parallel to Equation (3.3. 9), the rotation for the subchannels of the first 
and third antennas in the n-t h subcarrier are defined by 
e = -ltngle(H I[nI H;[nj) 
<J) = - ollgle( H3 [nI H;[nj) (4.4.1) 
where angle(.) denotes the phase angles for each complex clemen t. In 
this case by rotating by these angles , it is guaranteed t hat A[nJ IS 
max imized and correspondingly the s igna l-to-noise rat io (SN H.). 
The extension of t his scheme to mu ltiple receive antennas is straight-
forward , and will not be discussed here. Since t he scheme does not 
exploi t ll1ultipath tem poral diversity, the spatial diversity order of t he 
scheme is 4N/ for NI receive antennas. 
R e m ark 4.1 As in any feedback- based system, the channel shmLld 
not change significantly over'several transmis8ion frames. in the present 
case, it is several multiples of 4N data symbol peTiods. TheTefm'e, this 
scheme is suitable only fo r a very slo111 fading envimmnent. 
4.4.1 Feedback Reduction Via Sub-Channe l Correlations 
For frequency division duplex (FDD) based OFDM , however, at least N 
bi ts feedback for the phase rotation method are required. T his imposes 
too much of a n overhead constraint on the u plink channel to convey 
very large amount of feedback information. However , for OFDM based 
WLA Ns and WMA Ns (terminals are likely to remain fixed), the cha n-
nel variations are smal l as compared Lo mobi le channels in (UMTS, 
Section 4.5 . Concatenation with Convolutional Codes 78 
hence phase angles can be fed back less frequently. Nevertheless , tecb-
niques that could potentially reduce the amount of feedback will yield 
significant benefits to the broad band wireless access systems. One pos-
sibi li ty to reduce feedback overhead is to exploit the strong correlation 
in tlte feedback sequence among the sub-carriers [57, 65]. For an a r-
bitrary frequency selective channel of length two , the phase feedback 
required for a 64 point OFDi\l symbol was computed and depicted in 
Fig. (4.4.1 ). A two level quant ized phase - 1f / 4 and 1f / 4 is also shown 
in the same figure. It is observed that the required phase feedback 
is a highly correlated waveform in frequency. Signi ficant reduction in 
feedback overheads is exploited by this case. 
5,---~--~--~==~~~==.~ 
-- Real phase (ubqua.ntil..ed) 
4 ----t> Quanl ized phase 
- 4 
-5L--~~-~--~ __ ~ __ ~_~~ 
o 10 20 30 40 50 60 
Frequency bin number 
Figure 4 .5 . Quantized and un-quant ized phase angles for a 54-point 
OFDM symbol. 
4.5 Concatenation with Convolutional Codes 
In many wireless applications, it is favorable to have an outer error-
control coding to correct errors that remain after inner codes. In this 
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section concatenation of the proposed rotation scheme with convolu-
tional codes is investigat,ed . 
Information bits after being encoded by the convolut ional encoder 
are passed through the in terlcaver. The in terleaver randomizcs the en-
coded bits so that they will experience independent fading, improving 
the performance of the communication system in bursty channels. Mod-
ulation is performed on the interleaved bits. The modulated bits are 
then coded according to EO-SFBC. The transmi tted symbols undergo 
Rayleigh fading as they pass through the channel. At the receiving end 
of the system, the space-freq uency decoder nnds t he receive estimates of 
the input symbols. The output bit sequence is then de- interleaved and 
passed thro ugh the Viterbi decoder to obtain the received bi ts . The 
operation of the Viterbi decoder can be found In many sources [66], 
therefore, it is not explained here in detail. 
A convolu t ional encoder takes k input bi ts , passes these through a 
linear finite state shift register to give n output bits. The rate R of a 
convolutional code is therefore given by n/ k. The constrain t length J( 
of a convolu tiona l code is denned as the number of bits on which the 
output depends. There are other definitions of the constraint length 
where it is defined in k-bit bytes [63] rather than in bits. For each 
output bit a generator vector can be associated , the elements of which 
represent the presence or absence of connect ions from the shi ft registers 
to the output. As an example consider the following R = ~ convolu-
tional encoder 
The outpu t of the encoder depends upon three input bits, therefore 
J( = 3. From the figure it can be seen that the encoder has two 
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,--------I~ OlP1 
+ 
liP D D 
'-------~ OlP2 
Figure 4 .6. n.ate one-half, constrai nt length three convolutional en-
coder . 
generator vectors given in octal notation as (7)8 and (5)8. 
4 .6 Simulation and Results- l 
In this section , the error performance of the proposed schemes in qua~ i -
static frequency selective channels is evaluated. The fad ing is constant 
withi n a frame and changes independently from one frame to another. 
For the closed-loop system, the average BEn. against SNn. is simu-
lated using QPS]( symbols. Each fr ame consists of 100, 000 symbols in 
the simulation. In Fig. (4.7), simu lation resul ts comparing the perfor-
mance of the proposed closed-loop full-rate EO-SFBC for four transmi t 
and one receive antennas arc provided. T he proposed EO-SFBC with 
phase rotation feedback obtains better performance than the previolls 
scheme [421, the full rate closed-loop QO-SFBC [391 and t he open-loop 
EO-SFBC respectively. As shown in Fig. (4.7) , when the BEn. is 10- 3 , 
it can yield 1.3 dB gai n over the prev ious scheme [42], which demon-
strates the proposed closed-loop EO-SFBC can get the conventionaJ 
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divcn;ity gain equal to the number of transmit nntcnnas and more ad-
ditional a.rray gain (feedback gain) at the same time. Furt hermore, t he 
performance of the closed-loop QO-SFBC with perfect CSI is also de-
picted , which does not benefit from the array gain of the other schemes . 
T he performance of the proposed scheme provides npproximately 3 dB 
and 7 5 dB of gain at BEll of 10- 3 as compared QO-SFBC and opell-
loop EO-SFBC respecLi veIy. 
et: 
w 
OD 
-- Proposed closed loop EO-SFBC OFDM (4Tx-1RX : 
-- Closed-loop EO-SFBC OFOM (4Tx, lRx) 12] 
-e-- Closed-loop QO-SFBC OFOM (4Tx, 1Rx) [6J 
---e-- Open-loop EO-SFBC (4Tx,l Rx) 
10-4 L---:----~-__'_-~----:':--'-----'':_:--'-:':--_,L_-~----" 
o 2 4 6 8 10 12 14 16 18 20 
SNR(d8) 
F ig ure 4. 7. Average BEll performance compmison of the proposed 
phase rotation scheme with different SFBCs in a 4 x 1 MISO system. 
T he simulation resul t of a practical scenario of a quantization method 
is depicted in Fig. (4 .8) . In add ition to this, the un-quantized feedback 
for the proposed scheme is also depicted. From the fi gure, simula-
tion results indicate that the performance of the quant ized scheme is 
very close to the performance of the un-quanti zed scherne, and still 
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significant ly better than that of the previously reported closed loop 
scheme [42]. For the phase rotation method , the requ ired phase a ngles 
are qlmnt ized in to four levels [O,1r/2,1r,31r/2! SO tha t only two bi ts per 
subcarri er were required for fced baek. 
As a tradeoff, f( number of consecuti ve sub-carriers arc ass igned 
in to a group and proposed to feedback onc quant ized phase angle for 
each group instead of feeding back the phase angle for each subcarri er. 
The phase angle requ ired for each group is determined based on t he 
majority of phase angles within that group. In this lVay, t he 64 bit. 
feedback required for onc OPD!Vl symbol is reduced to only !if = G4 / },' 
bits . A result is also shown in Pig. (4.8) for !\If = 4. Compared to 
an un-quantized feedback scl lcme, where 54 bit fi oa ting poin t num-
bers are used to represent the feedback angles, t he quant ization with 
four- bi ts degrades the BEll. performance at 10- 3 by only 1.0 d B, but 
still outperforms closed- loop QO-SFBC a nd open-loop EO-SPBC by 
approx imately 1.0 dB and 5.0 dB respectively. 
Although the proposed scheme provides a di versity gain and array 
gain , an outer channel code can be eoncatenated to achieve further 
coding gain . For the final set of simu lations, Fig. (4.9) prov ides perfor-
mance results when t he proposed methods are concatenated with con-
vo lut ional coding, which is referred to as convlutionally concatenated 
space-frequency block code (CCSBC) . For this concatenated wireless 
system, the overall data rate is given by [67] 
bits / sec/ H z (4.6.1) 
where k is t he code rate of convolutional codes, and In is the dimension 
of the modula tion scheme. In this Simulat ion, a QPSK (i.e. m= 4) s ignal 
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0: 
w 
m 
--Closed loop EO-SFBC (infinite predsion) 
- - - ClOSed- loop quanlized EO-SFBC (per lone 
---Quantized EO-SFBC (4-groups) 
-e-Closed-loop QO-SFBC (infinite precision) 
---- Open-loop EO- SFBC 
1O-40'----~2-~4--6~-~8-~lO::-'--1'::2'---~14---'-~16 -,L8---'20 
SNR(dB) 
Figure 4.8. Average BER perfo rmance with quantized and un-
quantized phase angles, for 4 x 1 system. 
constellation with Gray mapping and a rate 1/ 2 convolutional code (i.e. 
k = 1/ 2) are used in full rate closed-loop EO-SFBC systems t.o achieve 
the data rate of 1 bits/sce. As depicted in Fig. (4 .9), for four tra nsmit 
antennas, when BER= lO- 3, the proposed CCSBC con catenated with 
closed-loop EO-SFBC can obtain 3 dB from that concatenated with 
the QO-SFBC code. 
4.7 Space-Time- Frequency Block Codes ove r Frequency Sele c-
tive Fading Cha nnels 
In the previous chapter and previous parts of this chapter, STBC and 
SFBC are discussed for MIMO frequency- fi at fading and frequency-
selective fading channels, respectively. However, the above mentioned 
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10' ~====~~;;~~=;~========~ 
---- CL EO-SFBC + c e SBC (4-groups) 
----.- CL EO-SFBC + CCSBC (infinite precision) 
--e- CL aO-SFBC + CCSBC (infinite precision) 
10 15 
SNR. [dBI 
F igure 4 .9. Average BEll performance comparison based on adding 
outer convolutional code with grouping of feedback terms based quan-
tization, with M = 4. 
mult iple antennas coding schemes mostly focused on the quasi-static 
fad ing chann el in which the path gains remai n constan t over one fad ing 
block bu t are independent from block to another. 
A more general block-fad ing channel , where the fading coeffi cients 
are varying within the extended ol'thogonal block code (EO-BC) is 
considered. In this section, space-tim e--freq uency coding (ST FC) for 
lVIlMO frequency-selective block-fading channels is designed by COI11-
bining both STC and SFC coding for MIMO-O FDM to exploit the full 
spatial di versity while assuming constant channel coefficients only over 
N,!2 OFDM blocks and sub-carriers. 
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A problem faced by many of the ex isting STC and SFC codes is that 
they assume constant channel coeffi cients over N, OF OM blockli or sub-
carriers. This condition needs to be relaxed by spreading thi s quasi-
st atic channel length assu mption to improve the system performance 
in fast t ime-vary ing, highly freq uency-select ive channels. 
The ST-codeli (STCs) ass ume a quas i-static channel, i. e., constan t 
channel coeffi cients over N, adjacent OFOM block in terva ls, wh ile SF-
codes (SFC) assume constant channel coefficients over N t adj acent sub-
carners . For N, > 2, vari ations between the actual adjacent channel 
values in the t ime and frequency domains will be significant. This 
gives rise to the need for space-time-frequency codes (STFCs) which 
will encode ·across different OFOiVI tones , tranli mi t antennas and fad-
ing blocks , while assuming constant channel coeffi cients over a smaller 
number of OFDM block and sub-carriers. 
4 .7.1 Channe l model 
Consider a IvllMO-OFDM sys tem with N,. transmit antennas , N,. re-
ceiver antennas, and N, sub-car riers within an OFOM liymbol. T he 
MIMO channel experi ences frequency-selective fading and it is assumed 
to have L independent paths between each pair of transmi t antenna and 
receiver antenna. Moreover, MIMO frequency-selective fading channels 
that experience block-fading simultaneously me considered. Under the 
block-fading assum pt ion, the path gains between each pair of transmit 
antenna and receiver antenna are cons tant over consecuti ve data sym-
bol durat ions. T hus each OFOM symbol is assumed to be t ransmi tted 
in a quasi-static fading channel. The channel impulse response from 
the transmit antenna j to the receiver antenna i at the fading block u 
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is givcn by 
L - l 
h;~/T) = L er;~j (l )r5(T - TI ) (4 .7.1) 
1=0 
where TI is the delay of the lth path , and eri')l) denotes the co mplex 
am pli tude of t he Lth path between the t ransmit antenna j and the 
receive an tenna i during the fad ing block 11. The ertj(l) are zerO-meall , 
complex Gaussian random variables, where 1 :'0 i :'0 N" 1 :S j :'0 N" 
1 :'0 11 :S Ns and 0 :'0 L :S L - L I t impl ies tha t MIMO channels 
arc spatial ly uncorrelated and temporally independent. T he powers of 
t he L paths are normalized such that L;:,=~ l er? = 1. Denote l< j = 
[er:~J(O)eri') l ) · · · erL( L - l )l'r , the frequency response of t he channel 
(4.7.1 ) is thus given by 
H " . = F h" · 
'.J t.) (4 .7.2) 
H " .(1) t ,j H ;'j(N - l )l'r alld 
F = [f'" fT, (4. 7.3) 
T he column vector is J = [1 ( 
(4.7.4) 
where T denotes t he effective d uration of one OFDM symbol. 
4.7.2 Signal model 
In the MIMO-OFDM system under con 'ideration, if x;:(n) is the data 
symbol transmi tted on the nth sub-carri er from the pth transmi t all-
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tenna during t he /-l th OFDM block interval, the symbols xf,(n), p = 
1, '" , N" n = 0, 1" " , Ns - 1 ru'e t ransmitted in parallel on Ns sub-
can-iers and Nt transmi tt er antennas . Vari ables , p, ,t and 11. index the 
space, t ime and frequ ency respecti vcly. Therefore, one STF codeword 
contains N,NT /l. transmitted symbols . The STF block code des ign is 
as follows. At each su bca rri er frequency n , the codeword X ( 11.) is orga-
ni zed as: 
xU71.) N, ( ) Xl n 
X (n) = E C/l xN, (4.7.5) 
x:' (71.) 'I;~'(n) 
where X (n) is assumed to be an or thogonal space-time block code de-
sign [4), [8], [20J. 
At t he receiver , each an tenn a. receives a noisy super position of the 
signals t ransmitted through the mu lt iple transmi tter antennas. A SS UJ1l -
ing that ideal carrier synchron ization, t iming and perfect symbol-rate 
sa mpling arc achieved at t he receiver and the cyclic prefix is removed , 
the received data sample v!,'(n) at t he qth receiver rultenna can be ex-
pressed as 
N, 
v:; (n) = L h:~, (n)'I;:;(n) + w;',(71.) q = 1" " , Nr (4.7.6) 
p= 1 
where h:~, (71.) is the sub-cha nnel ga.in from the pth transmitter rul tenna 
to the qth receiver antenna evaluated on the n th sub-carrier 
/.. - J 
hi' (n) = '\' ai' ( l)e-j~:ln 
'lXJ ~ IXI (477) 
1=0 
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and the additive whi te Gaussian noise w;',(n) is circularly symmetric 
zero-mean complex with variance <l~. 
4.8 Simulation and Results-2 
In the simulation experiments, a 4 x 1 system is considered combined 
with N., = 64 OFOM tones (sub-carriers). Applyi ng STBC with 4 x 2 
transm ission matrix to the OFOM , the perfortluU1ce of the three sys-
tems (ST-OFOM , SF-OFOM, STF-OFOM) are compared . It is shown 
that the best system with respect to the error rate perfonnance differs 
in the different channel conditions. 
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F ig ure 4 .10. Average BER versus SNR for the STjSFj STF-OFDM 
systems v = 20kmj hT, L = 2. 
In F ig.(4.10), the BER performance or STBC, SFBC and STFBC 
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F igure 4.11. Average BEll versus SN ll for the ST/SF/STF-OFD~vI 
systems v = 40km/ /),1'. L = 5. 
codes for an assumed two- ray case and speed v = 20km/ h,- are shown. 
As can be seen, STBC is perfo rming worse showing a high errOr Aoor 
wh ich can be attributed to the high fading, where t he effect of the 
Doppler spread is large compared wi th that of the delay spread . T he 
SF-OFDiVI and STF-OFDM both achieve simi lar performance. 
In Fig.(4. 11), the BEll performance of STBC, SFBC and STFBC 
codes for fi ve- ray and speed v = 40km/ h,- are given. Here t he perfor-
mance of STF-OFDM is best, while SF-OFDM provides the next best 
perfor mance but still suffers from higher speed. T he performance of 
ST-OFDM still exhibi ts the worst performance. 
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4.9 Chapter Summary 
In this chapter , an ex tended orthogonal space- frequency coded OFDM 
scheme is considered for providing high data- rate wircless communica-
tion over frequency select ive MISO fading channels . Simulation res ul ts 
are presented for a QPSl( space- frequency coded OFDM sys tem and 
its performance is compared to the previously reported space- frequency 
coded OFDM scheme of [42]. The feedback corrclations among subcar-
riers have been exploited to reduce the feedback overheads significantly 
while main taining satisfactory diversity performance. Furthermore, it 
is worth noting that the channel mat rix of the EO-SFBC is orthogonal, 
which is different from that of the QO-SFBC. The proposed closed-loop 
EO-SFBC scheme with CCSBC can outperform the previous schemes 
by <1 dB at EER of 10- 3 . This is becaulie in schemes such as closed-
loop QO-SFBC there is only diversity gain and no array gain , but in 
the proposed closed-loop EO-SFBC there is both diversity and array 
gains. I t is remarked that at each frequency bin that wi th four transmit 
antennas the ma.ximum diversity for a combined link would be 4, i. e 
N,. I t has been shown in [23) that with the use of linear complex fie ld 
coding across frequency bins it is possible to obtain maximum diversity 
of N, x (L + 1), this issue is left as future work. 
Furthermore, STBCs with the 2 x 4 transmission matrix have been 
app lied to OFDM and compared with the performance of the three sys-
tems (ST-OFDM , SF-OFDM, STF-OFDlvl). It is shown that the best 
system with respect to the error rate performance differs in different 
channel conditions. It is shown that the effect of the delay sp read on 
STF-OFDM is smaller than that on the SF-OFDM and the BER of 
STF-OFDM is better than that of SF-OFDM. Moreover , it is shown 
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that the effect of the Doppler spread on STF-OFDM is smaller than 
tha t on ST-OFDM and the BEll of STF-OFDM is better than that of 
ST-OFDM. This is because the condi t ion of the orthogonality for the 
STF-OFD1'v[ is constant complex channel gains over half the successive 
sub-carriers and half successive OFDM symbols, which is more relax-
ant than that for the ST-OFDM with respect to the Doppler spread , 
and that for the SF-OFDM wi th respect to the delay spread , respec-
tively. Therefore , the STF-OFDM is attractive in wireless broadband 
communications. 
Chapter 5 
COOPERATIVE DIVERSITY 
RELAY NETWORKS 
The Him of this chapter is to ~nfllyze the behaviour of distributecl-
MI MO multi-stage communication networks with the aid of the theory 
developed in the prev ious chapters. or major in terest here is to mfLxi-
mize the end-to-end data throughput by optimally assign ing resources 
in terms of frame duration , frequ ency band and transmiss ion power to 
each of the stages. 
5.1 Introduction 
It is well known that due to the fad ing crfect, transmission over wireless 
channels suffers from severe attenuation in signal strength. Recentl y, 
it has been proven that cooperative networks can provide higher trans-
mission data rates and less sensitivi ty to channel impairments [211. For 
a poin t-to-point wireless system, th is problem was solved by us ing mul-
t iple antennas used at both the transm itter and the receiver, creating 
mUl ti ple- input multiple-outp ut (MIlVlO ) propagation channeL T he in-
dependent paths between the transmit and receive antennas provide 
spatial di versity. Using diversity techniques sueh as space-time block 
92 
Section 5 .1. Introduction 93 
coding at the transmitter and substa nti al signal processing at the re-
C01ver, the performance can be greatly improved. Current research 
effo rts demonstrate that by using antennas of different users in the 
network , spatia.! diversity can be exploited to im prove the reli ability 
and capacity of transmission [30J . This improvement is call ed cooper-
ative diversity since it is achieved by using antennas of different users 
working as relays for each other. III this chapter, a decode-and-forward 
relay network is proposed for fading channels and cxtended-orthogonal 
space-t ime block codes are applied among the relays to provide reli-
able communication in wireless relay networks. A two-stage protocol is 
used , where in the first stage, the transm itter (source) equipped with a 
single antenna sends inform at ion to thc relays and in the second stage, 
the relays decode and re-encode the information and forward to the 
receiver (destination). A very important assumption is that the relays 
are per fectly synchronized . With only one antenna at the receiver , op-
timal tn<L'{imum ratio combining (MRC) is used to decode the or iginal 
transmitted symbol<; from the source. 
Because a cooperative network can be seen as a distribu ted multi-
antenna system, the use of full channel state information (CSI) at the 
relays has the potent ial to improve the performance of a cooperative 
network significant ly. In this work , a cooperative network system is 
considered in the presence of full and partial CSI feedback at t he re-
lays. T he phases of the signals transmitted from certain antenna.'s 
relays are rota ted in a prescribed way in order to improve the system 
perfo rmance based upon the information fed back from the receiver, 
thereby increasing the diversity gain. Although the scheme seems im-
practical wi th its requirement [or perfect phase feedback among rel ays , 
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it provides an upper bound for a practical beamform ing schcme with 
limi ted feedback. T he purpose of this wor k is to optimize the wire-
less relay cooperative network under full and part ial CS] assumptions. 
Specifically, two CS] assumptions are considered: (1) full CS] at the 
destination and the relay terminals; (2) full CS] <It the des tination ter-
minal and part ia l CS] at the relay termina ls. It wi ll be shown that 
the proposed optimum relay scheme provide:; a considerab le diversity 
gain co mpared with the system without use of CS!. Furthermore, it will 
be shown that the proposed scheme provides significant diversity gain 
atld array gain compared with the quasi-or thogonal scheme, and t hat 
improvement is retained with quant ized feedback. 
Fur thermore, the bit error rate (BER) is investigated with optimum 
power allocations between the source-relays link <lnc! relays-destination 
link by rna.\Cimizing the lower bound of the SNR. 
Relays stage 
Source 
o C---i 
Figu)-e 5_1- Schematic Representation of a Multi-hop Relay Network. 
5 _2 System Model 
A general two-hop wireless diversity relay network with rnultiple par-
al lel relay terminals is considered. In Fig.(5 .l ), a block diagram of the 
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cooperative network with one source terminal, 4 parallel relay termi-
nals and one destination term inal is show n. The relay termina ls are 
set to work in the decode-and-forward pro tocol mode. A quas i-static 
fading channel is considered , for which the fading coefficients are con-
stant within one transmission block , but change independently from 
one block to another. Denote the channel from the transmi tter to the 
relay terminah; as j "',i, and the channel from the ith relay to the re-
ceiver as h,·d ,i. . Tt is also assumed that thc fading channels between t he 
source and each rel ay, and between each rel ay and the destination a re 
independent. 
Furt hermore, it is assumed that the source and the relays transmi t 
in lieparate time slots and a ll relays t ransmi t to the destin ation termi-
nal simul taneously. It is also assumed that the t ransmission chan nels 
through all relays are uncorrelated , such that the t ransmi tted s ignals 
from each relay can be sepmated a t the des tination without any inter-
ference from other relays . 
At the first time slot, the source terminal sends its information sig-
nal and the relay terminals receive it. At the second time slo t , all 
the relay terminals decode, re-encode their received signals and for-
ward them to the destination terminal simultaneously [l J. Then, the 
destina tion terminal combines a ll t he received signals and produces an 
estimate of the original t ransmi tted signal. T he received signals at the 
relay i can be expressed as 
Y"',i(k) = !".,i8(1.;) + 71." ,i(k) , i = 1, 2,3 ,4 (5 .2.1 ) 
where 8(k) is the signal transmi tted from the source at time k, j"',i, 
i = 1, ... 4, are the fading coefficients between the source and the ith 
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relay. They arc modeled as zero-mean , independent complex Gaus-
sian random variables with variances <7;,;,. Furthermore, n",i.(!.) is zero 
mean complex Gaus.si311 rand om v(1J'iabl c wi th the varian ce of a'f..., and 
two sided spectral density of No/ 2 per dimension. In this work , it is 
assu med that all noise processes have the same va.riance wi thou t loss 
of gencrali ty. 
Upon receiving signals from the source, each relay detects and re-
cons tructs (encodes) the received signals according to the .i th column 
of the EO-STEC code matrix [20], 
[ , '/'I 7"2 
" 1 x = 
-1"2 -1"2 ". 1"~ I
(5 .2.2) 
The received signals at the destination, transmi tted from the relays 
are combined using maximum ratio combiner (MIlC) as follows, 
i = 1,2, 3,4 (5.2.3) 
where h,d,i, i = 1, 2, 3,4, are the fading coefficients between the ith re-
lay and the des tination, with zero mean and the variance of <7;</,;' wh il e 
n,d,i is zero mean complex Gauss ian random vari able with the variance 
of <7~' and the two sided spectral density of No/2 per dimension. 
The signals transmitted from the source and the relays satisfy the fol-
lowing power constraint , 
n =,1 
ar + L Q"i:'O P 
i = J 
(5. 2.4) 
where a, and ar,i are the power a.llocated to the source (wd the i lh 
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relay, respectively, and their sum should not exceed the overall network 
power constraint P as shown in (5.2 .4). 
5.3 Cooperative Networks with Full CSI at The Destination Ter-
minal and The Relay Terminals 
T his section focuses on the scenario where full CSI is available at t he 
destination terminal and the relay terminals. 
Specifically, it is assumed 
CS] Assumpt ion I: 
(1.1) The source terminal has no CSJ. 
(1.2) The full CS!s me known at relay 1 and relay 3. 
(1.3) The CSIs arc known at the des tination terminal. 
Assumption (1.3) require every relay tenninal to broadcast t ra ining 
symbols, which can be used to estimate the channel at the receiver . 
For simplicity, it is assumed the CS] arc lmown at the receiver . As-
sumption (1.2) implies that the de ·tination terminal should feedback 
the CS] to the relay terminals. Fur thermore, both the broadcast and 
feedback need to be done at every time slot , because the channel coeffi-
cients vary over different t ime slots. T herefore, CSI Assumpt ion! may 
not be practical except in slowly varying environments, such as indoor 
channels. However, the analysis and results of the full CS! assumption 
can serve as an upper bound for practical schemes performance with 
limited feedback. In the proposed scheme, t he data signals transmitted 
from the first and thi rd relay terminals a re rotated by phase angles 
(phase shifted) as follows, 
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U, = dO' 
U2 (5.3.1) 
while the other two relay terminals are kept unchanged. The phase 
clement eiO,. , (k = 1, 2) wil l introduce a time delay which as in beam-
fo rming [4 1[ will steer the energy in a certain direction which gives 
directivity and thereby chooses the direction that matches the chan-
nel coefficients. Therefore, the elTor performance is improved at the 
expense of increased feedback overhead. It is important to poin t ou t 
that the phase rotation on transmitted symbols from the relay term i-
nals is importantly effect ively equiva lent to rotating the phases of the 
corresponding chrull1el coefficients . 
The channel gain for the optimum relay-precoder can be expressed 
as follows (as shown in chapter (3)) , 
" 
G = L Ihi l 2 + 2~ { h,h;dO' + h3h7,d02 } (5 .3.2) 
'i= J 
where Ok , k = 1, 2 is obtained by maximizing (3 so that SNR as 
fo llows, 
0, = - L(h,h;) 
1)2 = -L(h3h7,) 
(5 .3.3) 
(5 .3.4) 
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5.4 Cooperative Networks with Full CSI at The Destination Ter-
minal and Partial CSI at The Relay Terminals 
A, , tated before, Assump tion (1.2) req uires t he feedback of the exact 
value of the phase a ngle from the destination terminal at every time 
slot" which is impractical duc to t he ve ry limited feedback bandwidth. 
]n order to reduce the feedback overhead , the scenario where only quan-
t ized levels are available at relay 1 and relay 3 is considered. 
Specifically, it is assumed 
CS] Assumption I1: 
(JU ) T he source terminal has no CSI. 
(11 .2 ) The values of quant ized level of CSb arc known at relay 1 and 
relay 3 
(II .3) T he CS]s are known at t he cl ·tination terminal. 
Suppose, for each phase angle, if two bi ts feedback are available. 
then only four phase level a ngles can be fed back such t hat the phase 
angles are from the set of {8 \,82 } En = [0,11' / 2, 11' 01' 311' / 21 then for 
the first antenna phase adjustment , the discrete feedback information 
corresponding to the phases may be selected acco rding to 
(5.4. 1) 
Similarly, for the third antenna phase adjustment , the phases may be 
selected according to 
(5.4.2) 
In Litis case t he particular selec tion giving the largest values of 
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(5.4.1) and (5.4.2) may be preferable, as it would provide the Imgest 
array gain and achieve maximum di vers ity advantage. 
5 .5 Power Allocation Stra tegy 
In this section, the optimum power a llocated among the source a11d the 
relays to ma-'(i mize the received SN R at the destination is considered. 
Under the assumption of fu ll cooperation, each of the two relaying 
stages experiences independent BERs, which are denoted as Pb,'E( 1,2)(e). 
A bit from the source node i::; received correctly at the destination node 
onl y when at all stages, the bit ha,,; been transmitted correctly. T he 
end-to-end BER can therefore be expressed a, 
/( = 2 
Pb,e2c(e) = 1 - IT (1 - Pb,,,(e)) (5.5. 1) 
v= 1 
which at low BER or sufficiently high S Rs at every stage, call be 
written as ) 
1<= 2 
Pb.e2e (e) = L Pb,,(e) 
v= l 
(5.5 .2) 
where M, is the modulation order at the vth stage and J( is number 
of stages. 
According to [68], t he symbol error rate (SEn.) for M -PSI< over a 
Rayleigh fading lVlIMO channel with equal subchannel gains 1I = ... = 
'" = 1 can be expressed in a closed from, which is denoted in a simple 
notation as PpSf«(e) = PpSg(u, t , R",S/N,Nf). Assuming t.ha t each 
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stage is allocated a fractiona l power (3:" the above-given dependency 
can be expressed as 
f{ = 2 
P. () = '" P",,(Uv, tv, R", ,)"" SIN" Nfv) 
b,c2c e L l '( M ) 
v= 1 og2 v 
(5,5 ,3) 
where 11 " ~ t ",Tv , where I,,, and T u arc the number of transmi t and 
receive antennas in the vth stage, respectively, Rv is the rate of the 
STBC, ,),,, is the average a ttenuation , S is the total power allocated to 
deliver the information from the source to destination, and N is the 
noise power. 
The optimization process has only to be performed with respect 
to the fractional power allocation 13:" To simplify anaJy,is fur ther, an 
upper bound to the deri ved SElls for M-PSK is invoked. Following t he 
analysis out lined in [69], the SEll for M-PSK in the vth relaying stage 
can be upper bounded as 
A/,, - I 
P () < ~ S,v e _ '(---""'---),"uCC: 
1 + (J' "" S K,V 'l!!!i " 
v Il" '" N 
(5,5.4) 
where gQAAI, ,, = 3/2/( Mv - 1), T he end-ta-end BER for an M-PSI< 
mod ulat ion scheme can fin ally be upper-bounded as 
f(~2 
P () < '" M,,- l (1 + (J,.9PSf( ,v')'v li )-"" 
S,u e - ~ Mv log2(Mv ) v Rv tu N 
where the fractional power allocations deri ved in [701 obeys 
- I A - l B (I II I I 
(J' = [0: (qv v v) ''''Od'] -
u W q- I A - I BfJw 
w w IIJ 
(5,5,5 ) 
(5,5,6) 
where qm"x = arg ma.x(q\ , ' " , qk) and w is Lhe previous relaying stage, 
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T he performance of the algorithm is assessed by means of :;irnulation 
for M-PSI< schemes only. It explicitly shows the cnd-ta-end BER vcrsus 
the SNR for a two-stage communication scenario deploying the demon-
strated fractional power allocation strategy in Equation (5 .5.6), which 
is 80,"0 compared against a non-optimum power allocation scheme. 
5 .6 Simulation and Results-l 
In t his section simulation results arc provided for the propo:;cd scheme. 
A quadrature phase shift keying (QPSI<) modulation is considered . For 
all simulation results in t his section perfect CS] and equal signal-to-
noise ratio (SNR) at all receiving termin a.l are assumed, i.e. a terminal 
knows perfectly the channel state information of the link preceding it. 
The channel is assumed quasi-static Aat fading time-invariant d uring 
the transmission of onc symbol peri od. 
The performance of the systems under CS] Assumpt ion T is given in 
Fig.(5.2). A simple relay network based on quasi-orthogonal distributed 
STBC (QO-DSTBC) scheme using a decode-and forward (DAF) proto-
col at the relays is proposed in [711. Fig. (5 .2) compares the proposed 
relay network based on extended-orthogonal distributed STBC (EO-
DSTBC) scheme for both optimum and non-optimum power allocation 
scenarios with an optimum and non-optimum power allocation QO-
DSTBC implementation and illust rates the performance improvemcnts 
achieved by phase rotation at thc relay nodes, i.e. nodes 1 and 3. It 
can be seen that the proposed scheme as compared with the open loop 
scheme improves the performaJJce considerably in the sense tha t the 
diversity order is increased. From the plot, at BER 10- 2 the optimum 
proposed scheme can obtain approximately 8 dB better performance 
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than that wi th non-opt imum open-loop scheme. Also, from the figure 
it can be seen that the performance of the proposed system is always 
better t han that of the relay network ba:;ed QO-DSTBC at any power 
or SNR. Also it can be seen from Fig.(5.2) that the relative d ifference of 
BEn. between the non-opti mum and optimum curves of the two systems 
are increa:;ing as the total t ransmit power increases. 
A fur ther important i:;sue for real-world applications is what hap-
pens to the overall performance of the optimum relay network based 
EO-DSTBC :;cheme if the power contro l routine fails to operate prop-
erly so that power is allocated as in the non-optimum scenario. T here 
will be only 0.5 dB 108:; in the pe rformance of the proposed scheme, 
which :;till perfo rms significantly better than the QO-DSTBC re lay ing 
link with opt imum power allocation; t herefore ellsuring a more robu:;t 
transmiosion scheme in the event of power control fa il ure. 
Fig.(5.3) demonstrate the performance of the system under CS] 
Assumption 11. I t can be seen that the performance gain of the optimum 
quant ized scheme and the optimum ideal feedback scheme a re noticed 
to be e:;sent ially perfectly matching and considerably better than t he 
non-opt imum case. From the plot, it can be seen that a.t BER 10- 3 
approximately IdB better than that of the non-optimum scheme . 
Section 5.6. Simulation and Resu lts- l 
a: 
w 
<D 
l! 
1~r---~--'----'---r==~==~~~~~~~~==;l 
-- Non-optimum QO-DSTBC (full CSI) 
-e-- Optimum OO-DSTBC (full eSt) 
-e- Non-optimum EO-OSTBC (full CSI) 
--- Optimum EO-DSTBC (full CSt) 
~ Equal power allocation EQ-DSTBC (no CSt 
B 10'" 
u 
c 
• ~ 
10· L---7---J---~---7--~~~7-~~--~--~--~. 
o 2 6 8 10 12 14 16 18 20 
SNR.ldB/ 
104 
F igure 5 .2. Performance comparisons of EO-DSTBC and QO-DSTBC 
schemes. 
Performance comparison between optimum and non-optimised end-to-
end BER for EO-DSTBC scheme and QO-DSTBC scheme configura-
tions of a two-stage relaying networks over frequency- flat fad ing chan-
nels. The open-loop equal power allocation EO-DSTBC scheme is also 
shown. 
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Optimum end-to-end BER of the propo~ed ,cheme of two-stage relaying 
net- work with feedback quantization approach . 
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5 .7 Adaptive Resource Allocation Within Three-Stage OFDM 
Relay Networks 
In this work OFDM t ransmission is considered , due to its potent ial for 
meeting the stringent quali ty of service (QoS) targets of next gener-
at ion broadband distributed wireless networks, over three-stage relay 
networks. In particular, distribu ted adaptive space frequency coding for 
links composed of four transmit and/m· receive antennas, i. e. exploiting 
quasi-orthogonal ancl extended-orthogonal coding schemes is examined . 
The successful deployment of these closed-loop methods is dependent 
upon channel state information (CSI) being avai lable for each stage of 
the network. Taking the maximum end- to-end data rate as the optimal 
criterion , an adaptive resource al location (RA) scheme suitable for a 
wide range of signal-to-noise-ratios (SNRs) and a prescribed transmit 
power budget is proposed to distribute ap propriate resources to each 
stage based on the channel state illformation (CSI) and kn owledge of 
the network topo logy. 
5.7.1 Introduction 
Orthogonal frequency division multiplexing (OFDiVr) is a promising 
technique to achieve high-bit-rate communication systems in frequency 
selective fading channels, which can eliminate the multi-path effect and 
inter-symbol-interference (ISI) [381. But other techniques are requ ired 
to solve another two ou tstanding problems: one is power saving for 
extra-high data rate transmission with quality of service (QoS) assur-
ance; the other is the vulnerable radio propagation since the spectrum 
for 4G system wi ll be above 2GHz [721. To solve these problems, re-
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laying techniques have been launched , which take advantage of relay 
stations to obtain additional diver:;ity gain and reduce path loss ef-
fects. Their merit:; havc been presented in many materials , and thcy 
are considered as an important component for 4G system:; [73]. 
In relaying techniques there are two principle modes of operation, 
namely amplify and forward (AF) [74] [75] and decode and forward 
(OF) [76]. Although the OF scheme is more compu tational complex, 
it has increased robustness to channel uncertainties and therefore this 
appt'Oach is adopted in this work. 
The OFOM technique is also regarded as a lead ing candid ate for 
the future generation of cellular network [73], which will carry hetero-
geneous services such as voice (VoIP ), video (OVB-H, and TV mobil e.) , 
gaming (strategy, and first person :;hooter ,) and others. It enables very 
fl ex ible strategies to perform resource allocation , especially for down-
link transmissions. Consequently, in this section , the c1e:;ign of optimum 
resource allocation algorithms for adaptive relay ing transmissions in an 
OFOM :;ystem i:; in troduced. 
Performance of an OFOM-based relayi ng system can be enhanced 
when combined with link adaptation technique, which adjusts link pa-
rameters of transmission on all sub-carriers, so as to improve through-
put whi le sati :;fying bit error rate (BER) requirement. Adaptation in 
both power and channel statistics (delay-spread) relates to the opti-
mum fractional t ransmission power allocated to each stage and type 
of operat ional modes. In this work, adaptation to channel statistics by 
switching to either space frequency code (SFC) or space-time-frequency 
code (STFC) according to the channel condition is proposecJ as an effec-
tive technique of minimizing the receiver error performance degradation 
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due to t he highly frequency selec ti ve nature of the channel, wherei n t he 
channel state information (CSI) is avai lable to the relay nodes. The er-
ror performance degradation of orthogonal block codes (OBC) in fading 
channels using a fading interference metric is quantified , which can be 
lIsed to select. the best trfUlsmiss ion mode. 
5.7. 2 System Model 
Consider a three-stage transmiSl;ion protocol as shown in Fig.5.4. T he 
communication between t he source (S) and t he destination ( D) is 
achieved through two sets of relaying stages RS, and RS2 . Each re-
18ying s tage is made up of I.: single antenna relay ing elements where 
k is a positive integer but not equ!l1 to 0 (A: E Z+) . The source !I nd 
the destination are each made up of a single antenna. A quas i-s tatic 
frequency selective Ray leigh fad ing channel is assumed between each 
stage. Denoting the channel from the source to the first relaying stage 
as H.,,., that from the first stage to the second stage as H" and fro lll t he 
second stage to destination as H ,·d. T hese channels are exactly known 
by the receivers of each stage but the transmi tter mayor may not have 
knowledge of the full channel state information (CSI) . There is no di-
rect communication between the source and destination as the link is 
highly umeliable and will not ensure meaningful information exchange, 
hence a multistage approach with shor ter sub-links is adopted . 
Let x1 denote the data stream transmi tted within the ill< stage 
from the jU, relay (which wou ld be 1 in the first stage and 1, ..... , k 
in the second and thi rd stages), transmitted over a frequency selec-
tive fad ing channel having L independent channel taps, where xi = 
[ :L1(O):t~(1) ... x;(N - lW, where the nU, clement of the veCLor is Lh e 
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nl/' data symbol and indeed the sub-carri er index, (.f' is a tmnspose 
operator and N is the fr ame length . 
Denoting the complex channel t ransfer functions of the subcarrier n 
from the source S to the /" relay of flS, as f-IJ (11,) , from the ml/' relay 
within flS, to the .il/' relay within flS2 as H~,j(n) and that of the ml/, 
rel ay within flS2 to the destination as f-Ij(n) , note tha t with each stage, 
'm is used to index the t ransmi t ti ng a nten nas wl"Lilst j indexes the re-
ceiving antennas. Wi th these notations , f-IJ(n) = L:~~ ' hJ(l)e- j 2rrl ,, /N 
f-Iz .(n) = ", L - ' h2 .(l)e- j2rrl ,, /N and 1-1 "(71.) = ",L- I h3 (l)e- jh'n /N 
Ill) LA= O nlJ c::) L.Jf= O J 1 
where hJ. h;"j and " ] arc their corresponding cha nnel impulse res ponoc 
coeffi cients . The receive signal on each sub-carrier by the .i'" receivi ng 
antcllnas of the i 'h stage can be exprct;t;cd as 
y,1(n) = x;"'(n) h;'''(n) + zJ(n) (5 .7.1 ) 
where h;'''(n) = [1-1;'(n)H;(n) ..... HT'(n)r" with 7"1 representing the 
tota l number of t ra nsmi tting relays of the 'il/, stage and z/(n) is the 
received noise of the j'" receiver, wh ich is assumed to be an indepen-
dent and ident ically dis tributed (i.i.d. ) , zero mean and un it variance 
complex Gau~s i an noise va riable at the receive antenna, and x / Il (n) = 
2 T [.'1:1 (n)Xi (n) ..... x.i ' (11.)] . 
The received signals y,i(n) at the first stage (when i = 1) me eom-
bined using a maximuITI ratio combiner (MIlC) a nd dis tributi vely re-
encoded (assuming fu ll cooperation among t he relays) depending on 
the cooperating relays al\d the preferred codi ng methods using either 
quasi-orthogonal block code (QO-BC) or extended-orthogonal block 
code (EO-BC). Similar process ing is also performed at the second re-
lay ing stage before final transmission to the destination. 
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Relay Group 1 Relay Group 2 
Source Destinat ion 
F ig ure 5.4. T hree-stage wireless relay network. 
Assuming that the channel impulse response remains constant wi thin 
a block and changes from block- to-block (i. e. , quasi-static) , the input-
outpu t relat ionship of stages two and three will be presented in the 
following section. 
5.7.3 Quasi-Orthogonal Design 
In this section, the principle of QO-BCs with feedback rotation, which 
arc later used as distri buted codes in " cooperat ive relay network , is 
deri ved start ing from [25] . Assuming T orthogonal ti me intervals and 
M transmit antennas, an orthogonal design [or N complex symbols 
.1:( 1), x(2), · · · ,x(N) is defined by a code matrix C(x( I ), x(2), ··· ,x(n)) 
of dimension T x M, with T /vI 2': N, such that: 
• the entries of C are complex linear combinations of x( I ), x(2), ... ,x( N) 
and their complex conjugates x (l )', .1:(2)" ... , x(N)'. 
where [.]11 designates the conjugate transpose and hI is an M x M iden-
ti ty matrix. T he symbol transmission rate of these codes is defined as 
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NI T , i.e. , N symbols are transmi tted dur ing T t ime intervals. 
O-ST13Cs achieve full diversity order for spatia lly llncorrelated ivlIMO 
channels and can be decoded with a simple maximum likelihood (ML) 
approach a t the receiver [25]. As each ,ymbol x(11.),11. = 1, ... , N, can 
be decoded separately, the decoding complexity increase, linearly with 
the code size N and no t exponentially as in the case of joint decoding. 
However, assuming complex transm it symbols there exists no O-STBC 
for more than two transm it antennas which achieves a symbol trans-
mission rate of one. In general , there alw"ys exists a code of rate 1/ 2, 
and in particular, there arc codes of max imum rate 3/ 4 for the cases of 
three and four transmit (lntennas [25] [8]. 
A ,yrnbol tran, rnission rate of onc can be achieved by relaxing the 
orthogon(ll ity constraint [25]. Assuming four transmi t antennas , the 
fol lowing QO-BC with code ma.trix: 
c = 
- x; 0·' 
·"1 
- x; - :l',j 0·' 
·" 1 0·' ·"2 
(5. 7.2) 
is designed [38] . The received s ignal equation for the QO-BC 111 
(5. 7.2 ) is given by 
rl hI h2 h3 h,1 XI 11.1 
r' h; - h; 11, - h; X2 11.' 2 2 (5. 7.3) + 
,-' 3 h~ h~ - h7 - h; X3 11.' 3 
7'4 h. - h3 -11.2 11.1 x ,) 11.4 
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r = Hx + n (5.7.4) 
If fI in (5 .7.4) were orthogonal, i. e., H" fI would be a diagonal 
matrix. However , the loss of perfect orthogonali ty is given by 
" 
0 0 (3 
HHH = 
0 et - (3 0 
(5.7.5 ) 
0 - (3 et 0 
(3 0 0 et 
where 
" 
er = L Ih"f, and (3 = Re{h7h" - h;h3} (5 .7. 6) 
11= 1 
Because of the inter-symbol-interference indicated by variable (3 in 
(5 .7.5), the BEll. performance of this QO-BC is degraded . However , 
from (5 .7.2) and (5.7.5) one notes that the code matrix can be decoupled 
into two sub-matrices \"l ith 
C = C, (x(1), 0,x(4), 0) + Cz(0,x(2), 0,x(3)) (5 .7.7) 
where C('C2+ C~' Cl = o for all x(n) . For both symbol pairs .x(1), :c(3) 
and x(2), x(4), the iVIL decoding at the receiver can be processed indc-
pendently. From the li terature, two different approaches for improvi ng 
the BER performance of QO-BCs are proposed. The first approach is 
proposed to take x( l ) and x(3) from different symbol constellation A, 
and A z = d f A " respect ively, by rotating the constell ation of x(3) by 
an angle <p. Similarly, :c(2) is taken from Al and x( 4) is taken from A 2 
for the second symbol pa ir. By computer search , the optimum rotation 
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angle q,Dpl , J can be found under the constrain t of maximizing the min-
imum Euclideall distance between a ll different representations of the 
symbol pairs x( l ), x(3) and x(2), x(4), respectively. For symbo ls taken 
from a QPSI< constellation , q,DP' , 1 "" 0.525 maximizes the minimu m 
Euclidean distance [24]. Constellation rotation for QO-BCs is also con-
sidered in [77]. However, here a feedback method proposed in [38J [39J is 
considered to orthogonalize QO-BC by rotati ng the transmitted signals 
from certa in antennas in a prescribed way based upon the information 
fed back from the receiver which eliminates the off-d iagonal term (J. 
The exploita tion of such feedback also perm its the use of other better 
performing block codes, and symbol-wise decoding. 
5.7.4 Extended-Orthogona l Design 
Consider the EO-BC for four transmit antennas in [20J [42J (a similar 
one is presented in [29]) , which is given by 
[ , Xl X2 
'" J c = 
-X2 - .1:2 x* x7 . I 
(5. 7.8) 
Using one receive antenna, the received signa ls for the EO-BC in 
(5 .7.8) can be expressed by 
[ :; ] (5 .7.9) 
r = Hx + n (5 .7.10) 
Applying the matched filtering at t he receiver wi th the fIll matrix, 
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the fo llowing matrix can be obtained: 
H II H = [ Q + {3 0 1 
o Q + {3 
(5 .7.11) 
where 
1 
Q = L Ih,,1 2 an,d {3 = 2fle{h l It; + h3h: } (5 .7. 12) 
n= l 
and provided {3 i, posit ive t his will induce improved received signal-to-
noise ratio over the QO-BC scheme in 5.7.3. 
5.8 Adaptive Space- Frequency Coding 
Wi reless channel, are generally frequency-selective fadi ng channels. In 
this context , it i, proposed to spread QO-BC and EO-BC in time or/and 
fr equency depend ing on t he chan nel status. The channel status can be 
categorized into the followi ng scenarios: 
• If Bc > P X 6fsu& and Te < P X 7block then SFBC is used . 
• If Te < P x nloc', and Bc < P X 6 f su& then STFBC is used. 
where Bc and 7~ are coheren ce bandwidth and coherence t ime of 
the chaJlllel, 7b10e" is the total OFDM symbol duratio n includ ing CP 
and p is t he number of rows of the O-BC design. The parameter 6fsn& 
is t he subcarrier spacing of the OFDM system. 
T he above meaJ1S that t he O-BC is a rranged in two con figurations 
(SFBC and STFBC) depend ing on the channel condition. In h ighly 
frequency a nd/ or time selective channels the block code is spread both 
in t ime and/ or frequency. In order to realize adaptive time aJld/ or 
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fr equency spreading of the O-BC, the t ran~ mitter requ ires to know the 
mode switching information [78] . Thus the receiver should be equipped 
with a channel statistics estimator (Bc and Te estimators) and based on 
the selection criteria should provide the switching informat ion to the 
t ran~mi tting node t hrough a feedback channel. 
5.9 Optimum Power Allocation Strategy 
In this sec tion , optimum power allocation within t he enti re network is 
inves tigated . Given a fixed power budget, an optimal intcr-stage power 
allocation ~ch cme presentcd in [70], wh ich minimizes the end-to-end bit 
error rate (BER) with fl at fadi ng inter-stage channels i ~ extended to 
frequ ency selective Rayleigh fadi ng channels. Since OFDM is a mu lti-
carrier transmission technique, to fur ther im prove the performance of 
the system, an optimal intra-stage power allocation ~trategy over each 
sub-carrier is presented in add ition to the afore mentioned inter-~tage 
allocation. It is worth noting that at this stage it is assumed that the 
channel at each stage i~ known to the transmitter at that stage, wh ich 
is feasible in a t ime division duplex (TDD) system where the uplink 
and downlink channel can be assumed identical [16]. 
5.9.1 Equal Power Equal Sub-carrier Gains 
If the total power available to transmit information from the ~o urce to 
clestination is P , equal power is first allocated to each relaying stage 
such th at each P;, which is the power allocated to the i"' stage can be 
expressed as 
P p. =-
, J( (5 .9.1) 
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where f( is the number of rel aying stages. 
With N, t ransmit antennas , the power allocated to each t ransmitt ing 
antennas of the i'h stage is expressed as 
p. 
P;!t] = -',t E (1 , .... ,Ti) N, (5.9.2) 
where Ti depends on the number of cooperating transmi t relay e1e-
ments (in this case 4 relays). 
For OFDM transmiss ion , let {Pl.j(n)} :;~ol and (Al.j(11)}~~OI denote 
the t ransmitted power in each sub-carrier and their corresponding chan-
nel gain squared from transmi t ting an te nna t to t.he receiver j of the 
i"' stage respectively. Hence the transmit power allocated to the 11'" 
sub-carrier between the transmit antenna t and any receive antenna j 
can be expressed as 
P It] P,(n) = -'-
N 
where N is the total number of sub-carriers. 
5.9.2 Un-equal Power Equal Sub-carrier Gains 
(5.9.3) 
If t he t.o tal power required to deliver information from source to des ti-
nation is constrained to P , this will be distributed among the relaying 
stages such that 
(5.9 .4) 
An optimum Pi that maximizes the capacity and mll111UlZeS the 
end-to-end bi t error rate (BER) can be expressed from [70] as 
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p,. = [;, Ct (Cl; ' Ai ' Bt ) ''''"~ + 'l - ' 
t L J . I A . 1 B(!; 
; = 1 Cl] J J (5.9.5) 
where (Ji = t i ·1 ·i. which iti t he product of the number of t ran timit 
and receive antennas of the i"' stage, GI/I(/':r = arg max(ql l '" , qk) ' The 
parameter Ctj is the fractional frame duration which for (TDMA) sys tem 
satis fi es 2::;:, Cti. = 1 [70]. The it/, stage fractional frame durat ion can 
be expressed as 
with A i and B i expre,;,;ed as 
2qi Ai = -,------'-:"-"-7 
lOY2( M.;) 
Di = GQAMi 'Yi 5 
R, t i N 
(5.9.6) 
(5 .9.7) 
(5 .9.8) 
where GQAM = 3/2/(Mi -l) , 'Yi is the total channe l gains of t he i 'h 
stage, Cfi = 1- 1/,fAif;, Ci. is the code rate of the i"' stage while Nfi. is the 
modulating index and fr is the i'·1>. stage receiver signal to noise ra tio. 
T his power is allocated equally among each transmitting antenna of 
each stage which is further distributed equa lly among each sub-carrier 
from the j'1>. transmitting antenna, in accordance with Eq uation (5.9.3) . 
5.9.3 Un-equal Power Un-equal Sub- carrier Gains 
As shown in [70], the optimum power allocation s trategy that maxi-
mizes the capacity and minimizes the end-to-end bit error rate (BER) 
is one t hat distribu tes the power based on the architecture o[ each 
Section 5.9. Optimum PO'Ner Allocation Strategy 118 
stage such that the worst stage (w hich determines the performance of 
the entire netwo rk) obtains the greatest percentage of the total power 
to improve its performance and hence the entire network , therefore, P; 
obeys Equation (5 9.5) . 
As noted in [79], the well known Shannon 's water fi ll ing algorithm is 
the optimal power a llocation method for an orthogonal carr ier system, 
but its capaci ty advantage disappears at larger signal-to-noise ratios 
(SN TIs) . Here an explic it approximation of this algo rithm is proposed 
to impl'ove 'the average BEn. performance of the network over a larger 
range 'of SNTI.. The performance of this proposed scheme is compared 
with equa l power allocation to sub-carriers. 
If PdtJ is the total transmi tted power from the tt". transmi tter of 
th ~ i l.". stage, then the power allocated to the nil> sub-carrier between 
the transmit, antenna t ancl any receiver antenna j can be expressed as 
(dropping subscript j for ease of representation) , 
(5.9.9) 
If P; is distributed equally among all Ti elements, then the trans-
mitting power 011 each sub-carrier can expressed as: 
IT N , [ J-1 P P ( ) = ( g~ J ,g"n" 9 , ).....!: 
t n N ITN _ 1 T 
L: W=I g=I!!J:f;w Adgj 2 i 
(5 .9.10) 
therefore 
T, N - l 
Pi = 'L'L P,(n) , ii E z+ (5. 9.11) 
f= J 11.= 0 
This power allocation scheme is designed for quasi-static channels . 
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5.10 End-to-End Bit Error Rate 
If the i "}" relaying stage experiences independent probability of error 
(BEll), which is denoted here as Pb;iE( I,I< )(c) caused by independen t 
SEl1s P , .iE(I.I( )(C) ' the probab ili ty of error free t ransmission at stage i 
can be expressed as 
1 - Pb.iE(J.f()(c) (5.10 .1) 
hence t he average probability of correct end-to-end transmission 
pc.e2e(e) can be expressed as the joint probability of correct transmission 
at each stage, i.e. 
/, 
pc•c2e ( e ) = II(1 - Pb .i(c») (5.10.2) 
i = l 
A bit t ransmitted from a source terminal is received correctly at 
the destination on ly when at a ll the stages the bit has been t ransmi t-
ted correctly. 
T hus, the end-to-end BEll Po .c2c(e) can therefore be expressed as 
which at low BEll at each stage can be approximated as 
/( 
P b,c2c(e) "" L P b,i(e) 
'i = l 
(5.10.3) 
(5 .10 4) 
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where Mi is the mod ulat ing index employed at t,he it" stage. These 
expressions confirm that the end- to-end BER is dominated by the wcak-
est stBge, which necessita.tes the need fo r power allocation across the 
network. 
5 .11 Simulation and Results-2 
In t his section, the performance of the proposed three-stage OFDM 
relay network fo r the case N, = N, = 1 for extended-orthogonal and 
quasi-orthogonal codes under the assnmptions that the channels have 
length two and fi ve is presented. It is assumed that the channels across 
the network are spatially uncorrelatcd Ray leigh fading channels. The 
modu lation scheme of the transm itted signal is quadrature phase shift 
keying (QPSK). In order to evaluate the diversity performance of the 
system, the average BEn against the average SNR is plotted. T he total 
power consumed in the whole network for transmission of the symbols 
is set to be fixed. 
Fig.(5.5) shows the performance comparison of SFBC and STFBC 
applied to the last li nk in the network in order to mitigate the error 
performance rate, as the last link is performing worse compared to t he 
first and second links in this particular network architecture. From the 
fi gure it Clm be seen that STFBC for extended-orthogonal coded OFDM 
systems are susceptible to the channel variation at high SNR. In the de-
coder the STFBC assumes that, the channel responses are constant dur-
ing one time slot and across frequency bins and SFBC assumes that the 
complex chrumel gains between adjacent sub-carriers are approximately 
constant. It observed that there is approximately a 2-dB degradation 
a t BER = 10- 2 in the performance of the STFBC decoder compru'ed 
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to the performance of the SFBC scheme. T his degradation is increased 
with high SNIl.. While in Fig. (5 .6), S'I'FBC for quasi-orthogonal has 
better performance than the SF I3C scheme; i.e., the SFBC scheme is 
susceptible to channel variation. 'I'llis gain is attribu ted to the assump-
tion that the channel responses are constant during two time slots :md 
across two frequency bins. For example, at a tmget BER = 10- 2 ap-
proxi mately l-dB gain can be obtained compared to the SFI3C scheme 
performance. 
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Figure 5.5 . Performance comparison of BEll for Adaptive nOIl-
optimum EO-SF and EO-S'I'F coded OFDM system for Ne = 2 and 
Ne = 5. 
Fig.(5 .7) and Fig.(5.8) compare the optimum power a ll ocat ion scheme 
deri ved in Section 5.9 with the system with equal power allocation 
among the source and relays for both extended- ancl quasi-or thogonal 
respect ively. It can be seen that the optimum power al locat ion scheme 
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F ig ure 5,6 , Performance comparison of BER for adaptive non-
optimum QO-SF and QO-STF coded OFDM system for Ne = 2 and 
Ne = 5. 
considerably preserves the power consumption in the network for achiev-
ing the given BER (QoS) at the desti nation. Those figures ill ustrate 
that using the proposed power allocation , an approximate 2-dB gai n in 
terms of network lifetime wi ll be ob tained comparing to equal power 
strategy, 
5,12 Chapter Summary 
This chapter finali zed the investigation of distribu ted-MIMO mult i-
stage communication networks, specifi cally for two and three-stage net-
works , where the emphasis has been on relaying terminals utilizing only 
cx tended-orthogonal Or quasi-orthogonal space-time block cocling, 
In summary, the results presentecl support the potential advan-
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Figure 5.7. Performance comparison of BEn. for adaptive optimum 
EO-SFBC for Ne = 5. 
tage of deploying a mul tiple antenna relay ing systcm, wi t h appropriate 
power allocation between the stages , to improve the performance of 
such networks with add itional complexity. As for the relay model, it 
has been assu med that detection , decoding and re-encoding takes place 
at each stage, whereas a decision on an erroneously received signal can 
be performed at each stage or at the target receiver. It was furth er 
assumed tha t the signalling, cont rolling the distribu ted encoding and 
decoding process, functions perfectly, and so do all the synchronization 
algorithms. 
In Section 5.2, for the narrowband channel, the performance com-
parison of optimnm schemes for four antenna relaying systems with 
closed-loop EO-STBC clearly shows approximately 3 dB gain com-
I 
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Figure 5.S. Performance comparison of BER for adapt,ive optimum 
EO-STF'I3C for Ne = 5. 
pared to closed-loop QO-STBC and approximately 4 dB gain wi t h 
non-optimum scenario. Crucially, even with quanti zed feedback this 
advantage is retained and the performance perfectly matches the un-
quantized scheme. The simulation l'esul ts verify that in the event of 
power control failure, the EO-STBC scheme still outperforms QO-
STBC wi th optimum power control therefore ensuring a more robust 
t ransmission scheme. 
In Sect ion 5.7 , for the broad band chan nel, the topic of optimizing 
fractional resource allocation for three-stage wireless relay network has 
been introduced. It has been shown that adaptive resource alloca.tion 
strategies that ta.ke both the statistical CSI and the optimum fractional 
power allocated to each stage and sub-carriers into account improves 
the performance of the multistage OFDIVI relay network. Simulations 
---- --- ---- - - - - - -
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for selected communication scenarios have demonstrated that the pro-
posed minimum power allocation strategy could considerably save the 
total transmitted power compared to equal transmitted power scheme. 
The proposed scheme can be considered as a promising technique for 
high data rate wireless transmission over frequency selective multi-path 
fading channels for broadband wireless communication systems. 
Chapter 6 
CONCLUSION AND FUTURE 
WORK 
In this chapter, a summary and some concluding remarks on this work 
are given. In addition several directions for future work are discussed. 
6.1 Conclusion 
In this thesis, the design of space-time block coding schemes for frequency-
flat fading channels is developed for point-to-point wireless communica-
tions. The proposed scheme is then extended for space-frequency block 
coding to OFDM system. Moreover, the extension and optimization of 
the previously proposed coding schemes for distributive wireless relay 
networks are thus considered. 
Due to today's and expectations of tomorrow's lifestyle, the demand 
for wireless communication systems providing higher bandwidth and 
quality is increasing continuously. Multiple antenna processing is an 
efficient method to increase the performance of these systems. However, 
due to physical limitations such as battery life, weight and dimension, 
the terminals must be kept at minimal complexity. 
126 
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Diversity is an effective way to increase the transmission quality of 
a system. The main idea of diversity is to provide different replicas of 
the transmitted signal to the receiver. If these different replicas fade 
independently, it is less probable to have all copies of the transmitted 
signal in deep fade simultaneously. Therefore, the receiver can reliably 
decode the transmitted signal using these received signals. By exploit-
ing multiple antennas at the transmitter and/or the receiver, spatial 
diversity can be achieved. However, transmit diversity needs an accu-
rate estimate of the channel state information (CSI) at the transmit-
ter. In many cases, this is not possible due to the characteristics of the 
propagation environment. However, it is possible to obtain transmit 
diversity without knowledge of the CSI at the transmitter. Space-time 
codes (STCs) are methods which utilize a special codeword to encode 
the transmitted symbols over both spatial and temporal dimensions. 
Moreover, multipath diversity can be obtained by exploiting the 
mUltipath nature of a frequency selective fading channel. However, 
if the multipaths cannot be exploited due to receiver complexity, this 
might cause inter-symbol interference (ISI) which is a cause of severe 
performance degradation. There are many techniques to mitigate this 
performance loss, orthogonal frequency division multiplexing (OFDM) 
is amongst these techniques. 
Therefore, the main focus of this thesis is on STBCs and SFBCs for 
point-to-point communication and distributive relay networks. 
In the first part of the thesis, extended-orthogonal EO-STBCs for 
four transmit antennas, that can obtain full code rate at the expense of 
diversity order loss, are considered. These codes can attain a diversity 
order of two, whereas its O-STBCs counterpart can achieve full diver-
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sity order of four. Note that while achieving this diversity, O-STBCs 
sacrifice code rate. In Chapter 3, loss of diversity is questioned and it 
is found that this is due to an "interference factor". Mathematically, 
this can be represented by ";3 term" in the main diagonal of the equiv-
alent channel matrix at the output of the matched filter. Ideally, this 
";3 term" has to be purely nonnegative. Examining this diagonal ";3 
term" in detail, it is realized that it can be forced to be nonnegative 
by proper transmitter preprocessing. A novel method is proposed for 
such a preprocessing. 
The method rotates the signals from two transmit antennas with 
phasors based on full and partial CSI, which can ultimately be one or 
two bits. This CSI can possibly consist of feedback information from 
the receiver to the transmitter. 
In order to reduce the hardware complexity and costs, the impact 
of antenna selection (AS), based on a certain selection criterion, on the 
BER performance of EO-STBC is analyzed. Simulation results show 
that with only one additional receive antenna, the proposed closed-loop 
EO-STBC outperforms not only the open-loop diversity techniques but 
also existing closed-loop STBCs. 
In Chapter 4, the performance of the rotation algorithm is also 
investigated for frequency-selective fading channels. It is found that in 
situations where feedback is severely limited, the OFDM based closed-
loop EO-SFBC scheme can successfully exploit the correlation among 
the feedback terms for the sub-carriers to reduce the feedback overhead 
significantly. Simulation results illustrate that relatively little feedback 
can provide substantial performance improvement as a function of the 
amount of feedback available. 
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As a means of improving the error performance of a space-frequency 
block coded OFDM system, concatenation by convolutional codes as an 
outer error correction code is introduced in this chapter. The proposed 
algorithms can provide significant gain over the closed-loop QO-SFBC 
and open-loop EO-SFBC with the same codes. 
In Chapter 5, the concept of Virtual Antenna Arrays has been intro-
duced which was then applied to relaying networks, thereby introducing 
distributed-MIMO multi-stage communication networks. In particular, 
a two-hop relay network was introduced using orthogonal and quasi-
orthogonal designs at the relay terminals. It has been demonstrated 
that such a deployment yields significant gains which minimize the end-
to-end BER performance for a given network topology. A prerequisite 
for achieving a higher data throughput is the deployment of suitable 
communication protocols. These have been shown in form of fractional 
resource allocation strategies for some communication scenarios. 
The analysis has then been extended to a three-stage OFDM relay-
ing system in the second part of Chapter 5. It is found that the perfor-
mance can be enhanced when combined with link adaptation technique 
for the weakest links in the network, which adjusts link parameters of 
transmission on all sub-carriers and across the stages, so as to improve 
throughput while satisfying bit error rate (BER) requirement. 
6.2 Directions for Future Research 
There are several possibilities for future research. In the following, some 
research directions are mentioned. 
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6.2.1 Robustness of space-time codes 
• The phase rotation algorithm proposed in the third chapter is 
considered only for a four transmit antenna scheme. This scheme 
can be generalized to a larger number of transmit antennas, e.g., 
five or six antennas. However, more feedback bits are required for 
a large number of antennas. Therefore, there is still an open point 
to reduce the amount of feedback bits for EO-STBCs employing 
more than four transmit antennas. 
• Throughout the thesis, CSI at the receiver is assumed to be known 
perfectly. However, in a real world application, CSI can only be 
estimated which obviously will introduce an error in the CSI. An 
interesting study would be examining the proposed methods in 
this thesis with channel estimate imperfections, and designing 
robust algorithms. 
• This thesis has considered only signaling rate, spatial diversity 
gain, array gain, coding gain, decoding complexity and error per-
formance as principle performance metrics. Note that diversity 
and coding gain are applicable only in the high SNR range. How-
ever many practical systems operate at low SNR and low com-
plexity codes for that case is an important open problem. 
• In wireless communication scenarios, correlation between the an-
tenna elements or a line-of sight component of the channel (Rice an 
channels) may have an effect on the diversity gain, or more gen-
erally, on the error performance of STC. It is therefore of interest 
to analyze the robustness of STC in various environments, i.e. 
channels having other statistics than the Rayleigh fading case. 
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6.2.2 Robustness of distributed-MIMO Wireless Relay Net-
work 
• Extending the proposed OFDM based transmission scheme to 
coherent, symbol asynchronous relay networks with timing errors 
and frequency offsets at the relay nodes is an interesting direction 
for further work. This problem has been addressed in [80] for the 
case of two relay nodes. 
• So far, only the case of a single source wishing to communicate 
with a single destination has been considered. The problem can 
be extended and generalized to the multi-user environment. 
• It has been assumed that the CSI is perfectly known at the re-
ceiver, i.e., the relays know the channel from the source to relay 
and the destination knows the channel from the relays to desti-
nation. Of interest could be investigation of channel estimation 
at the relays and the destination nodes. 
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